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ABSTRACT 
The assessment of the follicular penetration of chemicals into the human skin is of high 
importance to topical and transdermal drug delivery, personal care, as well as risk assessment 
of chemical exposure. This is due to the significant contribution of the hair follicles to the 
penetration of chemicals through the epidermal barrier. The purpose of this work is to 
develop a two-dimensional pharmacokinetic model which will provide quantitative 
elucidation of the impact of the follicular pathway, in addition to the transcellular and 
intercellular routes, on a wide range of chemicals. The follicular pathway is modelled by 
diffusion in the sebum, which is assumed to completely fill the gap between the inner and 
outer root sheath. The model is capable of predicting the transdermal permeation kinetics by 
using built-in equations to estimate the input parameters (e.g. the partition and diffusion 
coefficients in various skin components). The model has been quantitatively or qualitatively 
compared to 18 experimental studies, and has demonstrated good predictive capability 
against the majority of the experimental data. Simulations across a wide chemical space have 
indicated that the follicular pathway has a greater impact on the penetration of lipophilic than 
hydrophilic chemicals. Additionally, the larger the molecular weight of the chemical, the 
greater the impact the hair follicle has on its penetration. The follicular impact has been 
quantified in various ways (e.g. amount penetrated, bioavailability, permeability difference). 
The developed model can provide new insight and detailed information regarding chemicals’ 
disposition and localised delivery in lipid, corneocytes, viable dermis, dermis and the hair 
follicle. 
  
Keywords: Diffusion, in silico modelling, pharmacokinetic model, transdermal drug 
delivery, follicular delivery, bioavailability.  
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Chapter 1 
1 Introduction 
1.1 Topic of thesis and motivation   
The topic of this thesis is the development of a two-dimensional pharmacokinetic model of 
the transdermal permeation of chemicals, with a special focus on the hair follicle pathway. 
The new model has been utilised to investigate the impact of the hair follicle on the transport 
of chemical substances into human skin. A multi-scale mechanistic approach has been 
adopted to provide good predictive capability beyond the experimental data used for the 
model development.  
The experimental investigation of the transport of chemical substances into human skin is an 
active area of research. It is of high importance in areas such as pharmacology, personal care 
and safety assessment. In pharmacology, topical and transdermal drug delivery (in the form 
of plasters, patches or ointments) are meticulously investigated (Subedi et al., 2010) as they 
carry several advantages compared to traditional methods of drug administration. Some of the 
most significant of these advantages include the avoidance of hepatic first pass metabolism, 
the enhancement of therapeutic efficiency and the maintenance of steady blood plasma levels 
of the drug (Marwah et al., 2016). Transdermal drug delivery is a fast-growing market. It was 
valued at $13.5 billion in 2013, with just 22 products on the market (Gupta and Babu, 2013), 
and is expected to reach $81.4 billion by 2024 (Sherry, 2016). Personal care is an established 
market with thousands of products whose value is expected to reach $500 billion by 2020 
(KPMG, 2016). These products reach billions of people on a daily basis making their safety 
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assessment of utmost importance, in terms of both human health and the environment. 
Furthermore, dermal absorption as a result of occupational and environmental exposure to 
agrochemicals and pollutants is becoming a global concern (Damalas and Eleftherohorinos, 
2011; Sartorelli et al., 2000). Therefore, the scientific community has utilised various 
schemes to strategically combine the available knowledge to ensure that the safety 
assessment of chemicals is becoming more efficient and less dependent on animal studies 
(Jaworska et al., 2013; Rovida et al., 2015). Consequently, a mechanistic and holistic 
understanding of the mechanisms that enable chemicals to penetrate through the skin, along 
with an understanding of the skin penetration pathways, are of significant importance to the 
field and its applications.   
1.2 In silico modelling of skin penetration 
Experimental approaches including in vivo, ex vivo, in vitro and clinical studies on human 
volunteers are often expensive and time consuming (Godin and Touitou, 2007; Zhong et al., 
2009). Additionally, there is a general trend in safety and product development regulatory 
guidelines worldwide to move away from animal testing for cosmetic products and 
ingredients (European Parliament, 2009). In parallel to the advancement of experimental 
methods, in silico modelling of dermal absorption and delivery has been demonstrated to be 
useful in refining and reducing the experiments required, to enable faster design of new 
products and more reliable safety assessments, and to improve the understanding of the 
transport process (Zhong et al., 2009). In addition, a mechanism based in-silico model can 
help analyse the relative importance of different penetration pathways; it can be used to 
examine the impact of the physico-chemical properties (molecular weight, size, lipophilicity 
etc.) of the chemical, the physiological variability and application scenarios on penetration 
(Frasch and Barbero, 2013). Moreover, in vitro to in vivo extrapolation requires such models. 
Results obtained in vitro often cannot be directly applied to predict the biological responses 
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of organisms to chemical exposure in vivo. The use of mathematical modelling to numerically 
simulate the behaviour of a system, whereby in vitro data provide the parameter values for 
developing the model, is a promising extrapolation method (Quignot and Bois, 2013).  
Within this context, quantitative structure-permeability relationship (QSPR) models emerged, 
mainly focusing on estimating the permeability coefficient or maximum flux of the chemicals 
(Potts and Guy, 1992). The compartmental approach, which treats the skin layers as different 
units of uniform concentration (Anissimov et al., 2013), was the next step of in silico 
modelling. Since then, the introduction of more sophisticated diffusion-based models has 
attracted substantial attention. Diffusion models produce spatially explicit and time 
dependent predictions of transdermal permeation following topical exposure. The majority of 
early diffusion-based models do not consider the heterogeneity of the stratum corneum 
(Anissimov et al., 2013; Guy and Hadgraft, 1980; Kasting, 2001; Krüse et al., 2007; Parry et 
al., 1990). When the bricks-and-mortar structure of the stratum corneum was introduced and 
its importance acknowledged, the main challenge was to obtain the thermodynamic and 
transport properties of chemical compounds in different domains of the skin. In certain cases 
these properties are obtained by fitting to the overall skin penetration data (Hansen et al., 
2008; Rim et al., 2008). In such cases, the main drawback is that the results produced by the 
model are only reliable for that particular experimental dataset, which limits the range of 
chemicals the model can be used to predict.    
Subsequently, Wang et al., (2006) developed a model of transdermal permeation that derived 
thermodynamic and transport properties of the solute from fundamental principles. 
Furthermore, Chen et al., (2008, 2010) presented a multi-scale approach using a similar 
bricks-and-mortar structure for the stratum corneum. These later modelling studies (Wang et 
al., 2006; Chen et al., 2008, 2010) adopted a multi-scale approach where transport properties 
of skin lipids and corneocytes are determined separately, e.g. through molecular modelling 
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and QSPRs, achieving improved prediction accuracy. Later, Dancik et al., (2013) and Chen et 
al., (2015) further included viable epidermis and dermis. Some excellent review articles have 
been published to summarise recent progress in this area; see e.g. (Anissimov et al., 2013; 
Frasch and Barbero, 2013; Jepps et al., 2013). The model of Chen et al., ( 2015) was recently 
extended to include absorption into the systemic circulation and subsequent kinetics Chen et 
al., ( 2016). 
However, quantitative elucidation of the follicular pathway, in relation to intercellular and 
intracellular pathways for skin penetration has not been fully explored. This is due to the lack 
of suitable predictive models which are able to differentiate between the different penetration 
pathways.  As far as the penetration pathways are concerned, there is a noticeable gap with 
respect to modelling the follicular pathway. In the past decade, numerous studies (Grams and 
Bouwstra, 2002; Grams et al., 2003; Knorr et al., 2009; Lademann et al., 2001; Liu et al., 
2011; Ngo et al., 2010; Otberg et al., 2008, 2007; Prow et al., 2011; Shamma and Aburahma, 
2014) confirmed and highlighted the contribution of hair follicles to transdermal penetration. 
Although hair follicles occupy only ca. 0.1% of the skin surface area, their diffusion 
coefficient can be several orders of magnitude higher than that in the stratum corneum, and 
thus the overall effect to transdermal penetration can be significant (Meidan et al., 2005). 
Additionally, these structures provide punctures and thus a shortcut for penetration through 
the stratum corneum, the main barrier protecting the body from the external environment. To 
the best of the author’s knowledge, this pathway has been only considered in some simple 
compartmental models (Bookout et al., 1997; Frum et al., 2007; Liu et al., 2011) which, 
however, have limited predictive capability due to the need for parameter fitting of the model 
to experimental data.  
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1.3 Purpose and objectives  
The purpose of this work was to develop a mechanistic skin penetration model with special 
focus on the follicular pathway. The model developed provides a quantitative description of 
all three major pathways by which a chemical can penetrate into the skin. The follicular 
pathway is modelled by diffusion in sebum, which is assumed to completely fill the gap 
between the inner and outer root sheath. The mass transfer and partition properties of solutes 
in lipid, corneocytes, viable dermis, dermis and systemic circulation are calculated by 
following previous methodologies (Chen et al., 2016). The mass transfer and partition 
properties in sebum were taken from the existing literature. The model is capable of 
predicting the transdermal permeation kinetics by using built-in equations to estimate the 
input parameters (e.g. the partition and diffusion coefficient in various skin layers). 
Alternatively, the model can also run with user-supplied input parameter values.  The novelty 
of this work thus resides in the integration of the follicular pathway to a mechanistic model of 
transdermal permeation, providing the means for quantitative elucidation of this pathway in 
relation to the transcellular and intracellular pathways. 
The specific objectives of this work were:  
1 To conduct an extensive literature review in order to establish a theoretical framework 
around the topic of mathematical modelling of transdermal permeation and more 
specifically the follicular pathway. Additionally, to define key terms and identify the gaps 
in the literature.  
2 To develop a 2D multiscale model that integrates the physicochemical attributes 
(diffusion and partition) and structural details (skin layers structure and morphology) of 
skin and hair follicle. 
3 To validate the model with experimental data and demonstrate its potential use. 
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4 To utilise the model to investigate the contribution of the follicular pathway to a range of 
chemicals spanning from hydrophilic to hydrophobic.  
1.4 Organisation of thesis 
Chapter 2 consists of a literature review which presents the relevant literature and previous 
work on the mathematical modelling of transdermal permeation of chemicals with special 
focus on the follicular pathway. The methodology is detailed in Chapter 3, which describes 
the steps that were required to build the model and clarifies how modelling decisions were 
made. Chapter 4 will demonstrate the use of the model with an in vivo transdermal caffeine 
study. The model prediction will be compared to the in vivo caffeine study which quantified 
the impact of the follicular pathway in systemic circulation. Chapter 5 presents further 
comparison of the model with transdermal penetration studies. The model will be compared 
quantitatively or qualitatively with reported human and animal transdermal studies that 
specifically investigated the impact of the follicular pathway on transdermal penetration. 
Chapter 6 quantifies the impact of the hair follicle on the transdermal penetration of a wide 
range of chemicals with different octanol:water partition coefficient and molecular weights. 
Chapter 7 concludes this thesis and presents recommendations for future work. In the 
following text, the terms chemical, solute and substance are used interchangeably.   
 
 
 
 
 
7 
 
Chapter 2 
2 Literature review  
2.1 Human skin physiology and morphology 
The human skin is the largest organ of the body weighing ca. 4 kg and covering ca. 2 m2 on 
average (Pollay, 2010). Its foremost purpose is to act as a barrier to the peripheral 
environment, protecting the body from external physical, chemical, and biological assailants. 
It also prevents the loss of important constituents of the human body, particularly water. In 
addition to being a barrier to mass transfer, skin is a living tissue capable of metabolism, and 
thus contributing to viability of the whole body (Bolzinger et al., 2012).  Figure 2.1 
represents the skin structure and highlights its main components. 
 
Figure 2.1 Human skin anatomy (US-Gov, 2012) 
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The integumentary system as a whole can be described as a vast sensor packed with nerves 
and appendages. The skin can be divided into three layers. From top to bottom, these are: the 
epidermis, dermis and subcutaneous tissue. The epidermis is the outer protective layer. There 
is often a subdivision between the outermost layer and the rest of epidermis: the stratum 
corneum and viable epidermis layers, respectively. The stratum corneum is an arrangement of 
packed dead cells, rich in keratin, termed corneocytes, that reside within a lipid bilayer; this 
two-compartment organisation is widely referred to as a “bricks-and-mortar” structure. The 
main purpose of this cell arrangement is to retain moisture within the skin, while keeping the 
surface waterproof, and to act as the main barrier from exogenous substances (Elias, 2005). 
On average, the stratum corneum contains 10 to 20 layers of corneocyte cells and is 15 to 20 
μm thick (Egawa et al., 2007; Sandby-Møller et al., 2003). In contrast, the viable epidermis 
has an average thickness of 100 μm (Lee and Hwang, 2002; Sandby-Møller et al., 2003).  The 
dermis is a thick and elastic layer located beneath the epidermis and is comprised largely of 
fibroblasts and collagen. This layer hosts a network of capillary blood vessels that contribute 
to the regulation of body temperature, as well as nerve fibres and receptors that detect 
pressure, temperature and pain (Pollay, 2010). The average thickness of dermis is reported to 
be around 1000 μm (Lee and Hwang, 2002). The hypodermis, or subcutaneous tissue, is a 
seam of fat located underneath the dermis and functions as a fuel reserve as well as 
contributing to insulation and cushioning.  
Skin appendages are derivative structures that serve particular functions, such as sensation, 
contractility, lubrication and heat loss. Hair follicles, sweat and sebaceous glands, and nails 
are considered to be appendages of the skin. Hair follicles (Figure 2.2) are present throughout 
the body and exist in different sizes, densities and growth phases. On average, follicles cover 
0.1% of the surface area of the human body (Meidan et al., 2005). 
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Figure 2.2 Detailed hair follicle diagram (Blausen.com, 2014) 
Hair can be in either the terminal or the vellus phase. Terminal hair is longer with larger hair 
follicles and may be pigmented, whereas vellus hair is smaller and lacks melanin and a 
medulla (Vogt et al., 2007). The upper part of the hair follicle is termed infundibulum and 
runs from the skin surface down to the sebaceous glands. It has a funnel–like geometry and is 
believed to be filled with sebum, within which the hair is unattached to the surrounding walls 
and can move freely. The cell wall of the infundibulum is continuous with the epidermis and 
extends the entire length of the hair; this is known as the outer root sheath.  Sebaceous glands 
are attached to hair follicles and release sebum, a fatty lipophilic substance, into the follicular 
duct (Blume-Peytavi and Vogt, 2011). Sebum aids the maintenance of the epidermal 
permeability barrier, the transport of antioxidants to the surface of the skin, and the protection 
from UV radiation (Igarashi et al., 2005). There are over 2.5 million sweat glands within the 
human skin. Sweat glands, which are rooted within the dermis, are composed of coiled tubes 
and secrete a watery substance (Beatty, 1995). Two different types exist in the human body: 
the eccrine glands, which exist all over the body and are under psychological and thermal 
10 
 
control, and the apocrine glands that are larger in size and are only under thermal control 
(Nicol, 2005).  
The skin, as an organ, can have diverse physical properties and appearance among human 
populations. Ethnicity, skin colour, age and gender are some of the parameters that influence 
the thickness of the skin (Lee and Hwang, 2002; Robertson and Rees, 2010; Sandby-Møller 
et al., 2003) , the hair follicle size and density (Otberg et al., 2004) as well as the amount of 
specific structural proteins present, such as collagen (Pashley et al., 2004). Apart from 
exhibiting different characteristics in different people, skin varies in thickness, hair follicle 
density and, thus, permeation rates between body sites (Laurent et al., 2007). A thorough 
understanding of the structure, function and diversity of the skin between different human 
populations is the core foundation of dermatology, transdermal drug delivery, toxicology and 
exposure information for risk assessment.   
2.2  Skin penetration and measurement 
2.2.1 Penetration pathways 
The skin is the largest interface between the human body and the external environment. 
Therefore, as previously alluded to, one of its major roles is to regulate what enters the 
human body. Apart from its large surface area, the skin provides an alternative route for drug 
administration, allowing for sustained drug delivery to the blood circulatory system as well as 
a more comfortable treatment route for the patient (Bolzinger et al., 2012). For example, 
transdermal drug delivery can offer significant relief to patients suffering from liver 
disorders, as phenomena such the first pass effect can be avoided (Guy and Hadgraft, 2007) 
(The first pass effect is a process where an orally administrated drug is metabolized in the 
liver. As a result, a smaller proportion of the active drug reaches the systemic circulation 
(Gram and Christiansen, 1975)). In order to deliver drugs into the skin and systemic 
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circulation more efficiently, the scientific community has utilised both passive and active 
mass transfer techniques (Barry, 2001). The use of transdermal patches or ointments is a form 
of passive drug delivery. Tissue removal with microneedles, ablation and electrically assisted 
methods (for example ultrasound, iontophoresis, electroporation, magnetophoresis, 
photomechanical waves) are some of the most popular techniques (Schoellhammer et al., 
2014). Active or assisted delivery is more invasive such that the stratum corneum barrier 
properties need to be modified. In certain applications, such as in topical drug delivery or 
personal care, the topically administered chemical is intended to treat a condition on the 
surface of the skin (local infections, skin sanitisation, skin hydration etc.) (Taglietti et al., 
2008). In such cases, the permeation of the chemical into deeper skin layers and systemic 
circulation is undesirable.  
The passage of any compound across the skin can be divided into three steps: penetration, 
which is the entry of a substance into a particular skin layer; permeation, which is the 
penetration through one layer to another; and finally resorption, which is the uptake of the 
compound into the vascular system  (Oecd, 2004; Scientific Committee on Consumer Safety, 
2010). The stratum corneum is the main barrier that a chemical has to overcome in order to 
reach the deeper skin layers and, consequently, the blood circulation. The bricks-and-mortar 
cell arrangement of the stratum corneum has been proven to be the most challenging to 
penetrate, compared to other bio-membranes of the human body, and is up to 1,000 times less 
permeable than other lipid membranes (Potts and Francoeur, 1991).  
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Figure 2.3 The main pathways for delivering compounds across the stratum corneum 
(Gašperlin and Gosenca, 2011). 
There are three widely accepted routes of transdermal penetration (Bolzinger et al., 2012). 
The first is the intercellular route, which is the diffusion of the applied chemical through the 
lipid matrix and around the corneocytes. This route is particularly favourable for hydrophobic 
compounds as they are unable to penetrate the dead keratinocyte structures with the ease of 
hydrophilic compounds. The second route is known as the intracellular route, and consists of 
the diffusion of a chemical in the skin through the corneocytes. This is an important route for 
hydrophilic compounds, whose composition results in more favourable penetration through 
the corneocytes rather than through the hydrophobic lipid matrix (Chen et al., 2010). The 
third route is the transappendegeal route, referring to the penetration of chemicals through the 
various openings that are situated on the human skin, such as sweat glands and hair follicles 
(Bolzinger et al., 2012; Selzer et al., 2013; Trommer and Neubert, 2006). Figure 2.3 
illustrates these main pathways.  
2.2.2 Experimental methods to assess percutaneous penetration 
The assessment of percutaneous penetration is the core step in the initial design and 
evaluation of topical and transdermal drug delivery systems (Godin and Touitou, 2007). 
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Additionally, personal care and cosmetic research as well as environmental health and safety 
reside within the wide scope of percutaneous assessment. Various approaches have been 
developed over the years in order to test and measure transdermal permeation. These 
approaches include in vivo, in vitro, and in silico methods. Unquestionably, the most reliable 
skin absorption data are collected from in vivo human studies. These studies include the 
application of a model drug to specific body sites of human volunteers and the subsequent 
collection of data using the tape stripping technique, blood samples or non-invasive optical 
methods. However, such studies are often infeasible during the initial stages of the toxicology 
assessment of a new compound, and are in some cases unethical, particularly for toxic 
compounds such as pesticides. Hence, a major challenge for scientific research regarding skin 
penetration of drugs, cosmetics, etc., is the development of robust methods to consistently 
correlate ex vivo and in vivo data, in order to shorten and economize all the processes residing 
under the scope of transdermal delivery (Godin and Touitou, 2007).  
Skin samples from animals have been a popular alternative for assessing percutaneous 
penetration. However, physiological differences of the skin between various species can 
result in a lack of correlation of penetration data. Thus, in order to quantify and compare 
these differences and identify a suitable model, both human and animal skin have been 
studied thoroughly. Skin thickness, the composition of intercellular lipids, the amount of free 
fatty acids and the hair follicle density (Lademann et al., 2010; Netzlaff et al., 2006; Sekkat et 
al., 2002a) are some of the physiological factors that cause differences between the skin 
barrier of different species. Among other animals, the skin of pigs, rats, guinea pigs, rabbits, 
and snakes, have been suggested over the years as suitable surrogates for human skin (Moss 
et al., 2002). A number of comparative studies have been published to determine the most 
suitable animal model that correlates with in vivo skin penetration data (Bartek et al., 1972; 
Lademann et al., 2010; Lauer et al., 1997; Netzlaff et al., 2006; Sekkat et al., 2002a; 
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Summerfield et al., 2015). Porcine ear skin has been suggested as the most suitable surrogate 
for human skin penetration studies (Herkenne et al., 2006; Meyer et al., 2003; Sekkat et al., 
2002b). Artificial skin equivalents, such as 3D skin models (e.g. Episkin
®
, EpiDerm
™
), have 
also been developed in an attempt to more accurately mimic the complex human skin 
structure. Although their use in penetration studies is limited due to a much higher 
permeability  compared to human and animal skin (Netzlaff et al., 2007), some of these 
models have successfully been used in skin grafting and in the surgical treatment of burns 
(Kremer et al., 2000; Stiefel et al., 2010; Young et al., 1998).  
In terms of experimental setup, the Franz diffusion cells (Figure 2.4) have been widely used 
in in vitro penetration studies. The main reasons for this include their low cost, time-
efficiency and good reproducibility (Sartorelli et al., 2000). These cells consist of two 
chambers on the top and bottom of the setup and the skin membrane in between these. The 
top cell contains the active agent and the bottom cell the donor solution. The receiver 
chamber is jacketed in order to maintain constant temperature (Franz, 1975). The 
measurement of interest is usually the time taken for the chemical being tested to cross the 
skin membrane. As a result, the membrane permeability can be determined. Other techniques 
such as microdialysis are also of great interest (Schnetz and Fartasch, 2001); as they can be 
used both in vitro and in vivo. This technique requires the insertion of a microdialysis catheter 
into the skin sample with its probe designed to mimic a blood capillary consisting of a shaft 
with a semi-permeable fibre membrane at its very end; the probe is designed to mimic real 
life conditions. Once added into the sample, the donor solution, previously applied at the top 
of the sample, can cross the semipermeable membrane by passive diffusion. The solution 
leaving the probe is collected at certain time intervals for analysis (Schnetz and Fartasch, 
2001). Other less popular techniques exist, such as the side by side diffusion cells designed 
15 
 
by Flynn and Arbor, the VALIA – CHIEN skin permeation system, the volatile compounds in 
a flow–through diffusion cell, etc. (Sartorelli et al., 2000).   
 
Figure 2.4 Franz cell diagram (Science, 2009). 
An alternative to penetration studies are non-invasive optical methods. Light and electron 
microscopy, confocal laser scanning microscopy, confocal Raman spectroscopy, high 
frequency ultrasound, optical coherence tomography, radiometry and stimulated Raman 
scattering microscopy are some of the most useful optical methods. These methods were 
introduced to analyse the cellular structure of the skin, the physiology and function of the 
tissue, and to measure molecular concentration profiles as well as for depth profiling of the 
skin (Alvarez-Román et al., 2004a; Caspers et al., 2001; Chiu et al., 2015; Mélot et al., 2009; 
Tsugita et al., 2013). Light and electron microscopy are important tools for cellular structure 
analysis and physiological characterisation of the skin tissue (Willis et al., 1989). Confocal 
laser scanning microscopy provides useful routine imaging of fluorescently labelled 
biological specimens. It has the capability to capture optical sections with reasonable time 
resolution both in vitro and in vivo. It also provides at multiple depths images parallel to the 
surface of the sample (Alvarez-Román et al., 2004a). Confocal laser scanning microscopy has 
also been used to observe the diffusion of dyes into the upper part of hair follicles in real time 
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and depth, providing concrete evidence regarding follicular penetration in vivo (Grams et al., 
2004). In vivo laser scanning microscopy has been shown to be a very useful tool when 
investigating the pharmacokinetic dermal profiles of topically applied molecules and the 
resulting penetration pathways, as the method provides time and space resolved 
measurements (Wosicka and Cal, 2010). Laser scanning microscopy has also been useful in 
imaging the penetration of lipophilic drugs on cyanoacrylate skin surface biopsies 
(Teichmann et al., 2007). Confocal Raman spectroscopy has been broadly used to estimate 
epidermal thickness by robust numerical analysis of water profiles which allow for accurate 
determination of the upper layers’ thickness profiles (Egawa et al., 2007; Hancewicz, 2012; 
Zhao et al., 2010). 
Human hair and nail water-holding capabilities were also studied using a condenser-chamber 
transepidermal water loss method. As a result of such measurement water diffusion 
coefficient information can be obtained (Xiao et al., 2012). High frequency ultrasound is an 
established diagnostic tool in dermatology; it provides high resolution imaging of the 
uppermost skin layers (Vogt et al., 2006). Optical coherence tomography is a method capable 
of imaging subject’s longitudinal section with high dissolution capacity. Such studies are 
considered important for assessing whether or not the skin condition is normal (Tsugita et al., 
2013). Infrared remote sensing techniques (opto-thermal transient emission radiometry) have 
been utilised to describe the diffusion of solvents in nails in vivo, making it possible to obtain 
depth profiles for the model solvents (Xiao et al., 2011).    
2.2.3 Experimental methods for quantifying follicular penetration 
The most examined skin appendage is the hair follicle, whose impact on the transdermal 
permeation has only recently been recognised and widely accepted. In the past, follicular 
penetration was considered to have negligible impact on the overall penetration process due 
to the small surface area that hair openings cover; ca. 0.1% (Meidan et al., 2005). Although 
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the overall surface that hair openings cover is small, their diffusion coefficient can be orders 
of magnitude higher than that in the stratum corneum, and thus the overall effect can be 
significant (Meidan et al., 2005).  Recent studies have confirmed and highlighted the 
contribution of the follicular pathway to the transdermal delivery of chemicals (Grams et al., 
2003; Knorr et al., 2009; Lademann et al., 2001; Liu et al., 2011; Ngo et al., 2010; Otberg et 
al., 2007; Prow et al., 2011; Shamma and Aburahma, 2014). In the majority of the studies that 
quantify follicular penetration, either the follicular plugging method (Mohd et al., 2016; 
Otberg et al., 2008) or the skin sandwich system (Barry, 2002) is used. Briefly, for the 
follicular plugging method, the follicle openings are blocked with a waxy mixture to prevent 
penetration at the site of application. A chemical formulation is applied prior to and after the 
plugging with all other conditions (initial dose, temperature etc.) kept constant, allowing for 
the quantification of the impact of the follicular openings to the overall penetration. This 
experiment can be conducted either in vivo (i.e. on human volunteers) or in vitro (using 
human or animal skin samples). Alternatively, the skin sandwich system compares the 
penetration through ex-vivo epidermis with a similar epidermal sample but with an additional 
stratum corneum layer adhered on the top of it. The additional layer blocks the lower 
epidermal follicular openings. Subsequently, the sandwich system deconvolutes how much 
drug permeates through the follicular orifice as opposed to penetrating through the stratum 
corneum surface. The percentage of follicular contribution refers to to the flux of drug 
entering the follicular opening as a fraction of total drug flux into the skin (Frum et al., 2007).  
Literature suggests that the follicular pathway appears to be the predominant pathway for 
nanoparticles (Alvarez-Román et al., 2004b; Lademann et al., 2007), liposomes (El 
Maghraby et al., 2008; Lauer et al., 1996), large polar steroid molecules  (Barry, 2002; Knorr 
et al., 2009) and high molecular weight (MW) biomolecules (Mitragotri, 2003), in addition to 
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its potentially significant impact on the penetration of small molecules (e.g. those with MW 
less than 500 Da).     
2.3  Mathematical modelling of skin penetration 
A major challenge for scientific research regarding the skin penetration of drugs, cosmetics, 
etc., is the development of robust non-animal methods to quantify percutaneous absorption 
and bioavailability.  In parallel to the advancement in experimental methods, in silico 
modelling of dermal absorption and delivery has been demonstrated to be useful in refining 
and reducing the experiments needed, to enable faster design of new products and more 
reliable safety assessment, and to improve the understanding of the transport process (Zhong 
et al., 2009). A mechanistic model can help analyse the relative importance of different 
penetration pathways and can be used to examine the impact of physico-chemical properties 
of the chemical and physiological variability and application scenarios on penetration (Frasch 
and Barbero, 2013). Moreover, results obtained in vitro cannot often be directly applied to 
predict biological responses of organisms to chemical exposure in vivo. Using mathematical 
modelling to numerically simulate the behaviour of a system, whereby in vitro data provide 
the parameter values for developing the model is a popular extrapolation method (Quignot 
and Bois, 2013). 
Primarily, the penetration of chemicals through the skin barrier is considered to be by 
diffusion. When modelling the skin transport process in a quantitative manner, the different 
skin layers can be considered as distinct compartments.  The concentration of the drug in 
each compartment can be modelled either as a single time-dependant value C(t) or as a 
function of space (usually vertical) and time, C(x,t). When considering both space and time, 
partial differential equations (PDEs) are required. PDEs can describe the administration, 
distribution, metabolism and excretion (ADME) effects. A mathematical model’s predictive 
capability is highly dependent on the input parameters of the model. A model in which the 
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input parameters are directly fitted from experimental investigations is considered to be a 
data-fitting model. Conversely, when the model input parameters can be estimated from 
integrated semi-empirical equations or mathematical equations based on the fundamental 
physiochemical properties of the solute, the model can be classified as predictive. Data fitting 
models can give reliable predictions for the specific dataset for which the partition and 
transport properties are experimentally measured, but have limited predictive capability when 
testing new molecules, topical formulations and application regimes. In the remainder of this 
section a comprehensive literature review regarding the mathematical modelling of skin will 
be presented and the different methodologies adopted in order to mathematically express 
various skin processes will be discussed.    
The fundamentals of the mathematical modelling of transdermal and topical delivery were set 
from the 1940’s to the 1970’s. Stephen Rothman first identified the significance of the 
physiochemical properties of the substance to be penetrated through the skin and the 
importance of the vehicle that carries the drug (Jackson, 1951).  During that period, Higuchi, 
(1960), acknowledged that Fick’s law can be used to describe the transport process in skin. 
The resultant equations described fundamental relationships between release rates, drug 
concentrations and transport properties which nowadays lay the foundation of the modern 
theories of skin permeation. From 1970 onwards the scientific activity concerning the 
mathematical characterization of various skin processes has grown immensely (Mitragotri et 
al., 2011).  
Following Higuchi’s observation, Fick’s first law has been used to describe the chemical 
transport under steady state conditions assuming the skin barrier is a homogeneous 
membrane. Simply put, the law assumes that the rate of transfer of the diffusing substance 
through a unit area of a section is proportional to the concentration gradient.  
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𝐽 =  −𝐷
𝜕𝐶
𝜕𝑥
                                                                    (2.1) 
Where 𝐽 is the rate of mass transfer per unit area (flux), 𝐶 is the concentration of diffusing 
substance, 𝑥 is the space coordinate and 𝐷 is the diffusion coefficient. For the stratum 
corneum of sufficiently finite thickness, Fick’s first law can also be written as:  
 𝐽𝑠𝑠 =  
𝑄𝑠
𝐴𝑇
=
𝐷𝑠𝑐∆𝐶𝑠𝑐
ℎ𝑆𝐶
                                                              (2.2) 
Where  𝐽𝑠𝑠 is the steady state flux, 𝑄𝑠 is the amount of solute, 𝐴 is the surface area, 𝑇 is the 
time required for the amount of solute to be transferred.  𝐷𝑠𝑐 is the diffusivity of the solute in 
the stratum corneum, ∆𝐶𝑠𝑐 is the difference in concentration across the stratum corneum, ℎ𝑆𝐶  
is the overall length of diffusion in the stratum corneum. Normalising Equation 2.2 for 𝐶𝑣,  
vehicle concentration, returns the permeability coefficient:  
 𝐾𝑝 =  
𝐽𝑠𝑠
𝐶𝑣
                                                                     (2.3)  
After experimentally measuring the steady state permeability values in a combination with an 
equilibrium partitioning experiment employing the same vehicle (to establish the 
concentration ratio of vehicle and skin), the diffusion coefficient can be estimated using 
Equation 2.4 (Crank, 1975).   
 𝐾𝑝 =  
𝐾 𝐷
ℎ
                                                                   (2.4) 
where 𝐾 is the partition coefficient between skin membrane and water and ℎ is the membrane 
thickness (or diffusion length). Equations 2.1-2.4 have been fundamental in numerous 
modelling attempts that will be further described below. 
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2.3.1 Quantitative structure –property relationship (QSPR) models 
The method of statistically relating the biological activity of chemicals to their structural and 
physicochemical properties is termed as QSPR modelling. For such models to be 
implemented, experimental datasets are required. Flynn., (1990) published 97 human skin 
permeability coefficients of 94 chemical compounds measured under in vitro conditions. 
Kirchner et al., (1997) published a larger database of 114 permeability values.  Most of the 
resulting algorithms from these datasets relate the octanol:water partition coefficient ( 𝐾𝑜/𝑤)  
and MW of the compound to its permeability value. A very frequently cited QSPR model is 
reported by Potts and Guy and the model is based on Flynn’s dataset (Potts and Guy, 1992):    
𝐾𝑝 =   𝐾𝑜/𝑤
0.71 × 10−0.61 𝑀𝑊−6.3  (n = 93, 𝑟2 = 0.67)                              (2.5)  
For the diverse group of chemicals considered, this model assumes that stratum corneum 
intercellular lipid properties alone are sufficient to account for the dependence of the 
permeability coefficient upon the MW and 𝐾𝑜/𝑤. Overall, Pots and Guy presented a facile 
interpretation of their model: “very adequately describes the dependence of 𝐾𝑝 upon 
permeant size and lipophilicity, generates parameters of considerable physiochemical and 
mechanistic relevance, and implies that the stratum corneum lipids alone can fully 
characterized the barrier properties of mammalian skin” (Potts and Guy, 1992). Another 
frequently used model is (Mitragotri, 2002) Equation 2.6, which has similar features to the 
Potts and Guy model. In both cases, the lipid matrix is assumed to be the pathway of 
transdermal permeation. In addition, both use the 𝐾𝑜/𝑤 and molecular size. Their 
mathematical formulae are also similar. 
𝐾𝑝 = 5.6 × 10
−6 𝐾𝑜/𝑤
0.7  ×  𝑒−0.46 𝑟
2
                                            (2.6) 
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where 𝑟 is the solute radius. The radius of the solute (Å) can be estimated using Equation 2.7 
(Mitragotri et al., 1999):  
 𝑟𝑠 =  √3 4⁄  × 0.9087 𝑀𝑊
3
                                                   (2.7) 
It is important to note that both relationships (Equation 2.5 and 2.6) are based on 
experimentally determined 𝐾𝑜/𝑤 input values (Mitragotri, 2002; Potts and Guy, 1992). A 
different approach to correlate skin permeability to the linear free energy descriptors, 
commonly known as the Abraham’s descriptors (Abraham et al., 1995,1997). Other attempts 
have been made over the years to achieve better predictions with similar approaches (Barratt, 
1995; Lien and Gaot, 1995). A comprehensive evaluation of the most popular QSPRs was 
conducted by Lian et al., (2008), with the Mitragotri (2002) model deemed the most accurate 
for the 124 chemicals tested. 
The permeability coefficient of hydrophilic permeants diffusing through pores within the 
stratum corneum was investigated by Peck et al., (1994) and Tang et al., (2001). According to 
the proposed equation, permeability depends on the diffusion coefficient of the solute in the 
pores as well as the porosity, tortuosity and thickness of the membrane. The probability of 
finding pores on the surface of stratum corneum was later integrated on the QSPR 
relationship (Mitragotri, 2003).  
More recent developments in QSPR modelling include the chemical structure based 
approaches, ensemble modelling using nearest-neighbour theories, single layer networks, 
topostructural and topochemical approaches as well as Gaussian process models (Sun et al., 
2008). The main limitation with permeability QSPR models are the steady-state conditions 
required and the use of infinite dose application sources.  These conditions do not represent 
real-world applications where all measurements are time-dependent and have a finite dose as 
the application source.   
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2.3.1.1 QSPR models to estimate the partition coefficient of skin components 
Beyond the estimation of the permeability coefficient, QSPR relationships have also been 
broadly used to provide the inputs for diffusion based models. Of particular focus is the 
estimation of the partition and diffusion coefficient, which are required by Fick’s first 
(Equation 2.1) and second laws (Equation 2.16).   
Partitioning occurs between the different phases of the human skin. Lipids, corneocytes, 
viable epidermis, dermis, sebum and hair are some of the main components that a drug can 
penetrate through. The partition coefficient of phase A to phase B is defined as the moles of 
solute absorbed by phase A per unit volume of that phase divided by the moles of solute per 
unit volume of the adjacent phase B (water is typically used as the reference phase) (Nitsche 
et al., 2006). Thus, the partition coefficient of phase A to phase B is estimated using Equation 
2.8.  
𝐾𝐴/𝐵 =  
𝐾𝐴/𝑤𝑎𝑡𝑒𝑟
𝐾𝐵/𝑤𝑎𝑡𝑒𝑟
                                                               (2.8) 
Partition coefficient values can be obtained from equilibration experiments between a skin 
membrane and a solution of the candidate chemical (Hansen et al., 2008; Ibrahim and 
Kasting, 2010). Depending on the modelling approach, the stratum corneum can be 
approximated as either a homogeneous (multiphasic structure of the stratum corneum is 
ignored) or a heterogeneous structure (bricks-and-mortar). In the first case, the partition 
coefficient of stratum corneum to water is required whereas in the latter, the partition 
coefficients of both lipid to water and corneocytes to water must be provided. The partition 
coefficient between the stratum corneum and water is estimated from structure-activity 
algorithms that relate the experimental measurements to structural descriptors and/or 
physiochemical parameters; most commonly the octanol:water partition coefficient (𝐾𝑜/𝑤). 
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Two common relationships based on power law are most commonly used (Bunge and Cleek, 
1995; Cleek and Bunge, 1993; Roberts et al., 1996):  
𝐾𝑠𝑐 /𝑤 = 𝑎(𝐾𝑜/𝑤)
𝛽     or    log 𝐾𝑠𝑐 /𝑤 = log𝑎 + 𝛽 log 𝐾𝑜/𝑤                        (2.9) 
Typically 𝑎 is reported to be near 1 and reported values of 𝛽 ranged from 0.4 to 0.9. Raykar 
et al., (1988) and Nitsche et al., (2006) acknowledged the contribution of the lipid and 
corneocyte phases in the estimation of stratum corneum partition coefficient, resulting in:  
𝐾𝑠𝑐 /𝑤 =  𝜑𝑙𝑖𝑝𝐾𝑙𝑖𝑝/𝑤 +  𝜑𝑐𝑜𝑟𝐾𝑐𝑜𝑟/𝑤                                            (2.10) 
where 𝐾𝑠𝑐 /𝑤 is the partition coefficient of stratum corneum to water, 𝐾𝑙𝑖𝑝/𝑤 is the partition 
coefficient of stratum corneum lipids to water, 𝐾𝑐𝑜𝑟/𝑤 is the partition coefficient of 
corneocytes to water and 𝜑𝑙𝑖𝑝 𝑎𝑛𝑑 𝜑𝑐𝑜𝑟 are the volume fractions of lipid and corneocytes, 
respectively, in the stratum corneum. Single and double-phase models were later compared, 
revealing that double-phased models gave better prediction (Wang et al., 2010).  Nitsche et 
al., (2006) later expanded the analysis to quantify the effect of variable hydration. With 
Equation 2.10 being more descriptive of the actual physiology of the stratum corneum, 
expressions for the estimation of the partition coefficient of lipids (𝐾𝑙𝑖𝑝/𝑤) and corneocytes to 
water (𝐾𝑐𝑜𝑟/𝑤) are required.  
Raykar et al., (1988) and Johnson, (1996) contributed two large datasets of lipid-water 
partition coefficient experimental values. Mitragotri, (2000), Wang et al., (2010) and Hansen 
et al., (2008) re-investigated the same datasets, each adding more hydrophilic compounds, as 
the initial dataset was dominated by lipophilic compounds. These datasets have made it 
possible to formulate relationships to describe the partition coefficient of lipid to water 
among different groups. These are power law relationships that have the same form as 
Equation 2.9. The most commonly cited equations are summarised in Table 2.1.  
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Table 2.1 Published relationships to predict 𝑲𝒍𝒊𝒑 /𝒘. 
 QSPR relationship logKo/w range #data 𝑹𝟐 
(Raykar et al., 
1988) 
𝐾𝑙𝑖𝑝 /𝑤 = 0.15
𝜌𝑙𝑖𝑝
𝜌𝑤
(𝐾𝑜/𝑤)
0.91 3.7 – 5.49 3 - 
(Johnson, 1996) 𝐾𝑙𝑖𝑝 /𝑤 =
𝜌𝑙𝑖𝑝
𝜌𝑤
(𝐾𝑜/𝑤)
0.76 1.08 – 5.49 15 - 
(Nitsche et al., 
2006) 
𝐾𝑙𝑖𝑝 /𝑤 = 0.35
𝜌𝑙𝑖𝑝
𝜌𝑤
(𝐾𝑜/𝑤)
0.81 1.43 – 5.49 7 0.98 
(Nitsche et al., 
2006) 
𝐾𝑙𝑖𝑝 /𝑤 = 0.43
𝜌𝑙𝑖𝑝
𝜌𝑤
(𝐾𝑜/𝑤)
0.81 -0.07 – 4.9 46 - 
(Wang et al., 2010) 𝐾𝑙𝑖𝑝 /𝑤 =
𝜌𝑙𝑖𝑝
𝜌𝑤
(𝐾𝑜/𝑤)
0.69 -0.13 – 4.48 15 0.89 
(Wang et al., 2010) 𝐾𝑙𝑖𝑝 /𝑤 = 1.67
𝜌𝑙𝑖𝑝
𝜌𝑤
(𝐾𝑜/𝑤)
0.62 -0.13 – 4.48 15 - 
(Hansen et al., 
2013) 
𝐾𝑙𝑖𝑝 /𝑤 = 1.32
𝜌𝑙𝑖𝑝
𝜌𝑤
(𝐾𝑜/𝑤)
0.67 -0.13 – 5.49 16 0.85 
 
The partition coefficient of corneocytes to water follows the same methodology. Keratin 
constitutes the main dry mass of corneocytes along with a smaller amount of water. Thus, the 
partition coefficient of corneocytes to water is related to the volume fraction of water in the 
corneocyte phase, and the partition coefficient between keratin and water (𝐾𝑝𝑟𝑜 /𝑤) (Chen et 
al., 2008; Wang et al., 2010):  
𝐾𝑐𝑜𝑟 /𝑤 = (1 − 𝜑𝑏)𝐾𝑝𝑟𝑜 /𝑤  + 𝜃𝑏                                            (2.11) 
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Where 𝜑𝑏 is the volume fraction of corneocytes and 𝜃𝑏the fraction of water in corneocytes 
which can be obtained from the literature (Anderson and Raykar, 1989; Hansen et al., 2013; 
Raykar et al., 1988; Wang et al., 2010) Table 2.2 summarises the commonly cited equations 
for 𝐾𝑝𝑟𝑜/𝑤.  In Tables 2.1 and 2.2, 𝜌𝑙𝑖𝑝, 𝜌𝑤,  𝜌𝑝𝑟𝑜 correspond to the bulk density of lipid, 
water and protein. Their quoted values are 0.9 𝑔 𝑐𝑚3⁄ , 1 𝑔 𝑐𝑚3⁄  and 1.37 𝑔 𝑐𝑚3⁄ , 
respectively (Nitsche et al., 2006).   
Table 2.2 Published relationships to predict 𝑲𝒑𝒓𝒐 /𝒘. 
 QSPR relationship LogKo/w range #data 𝑹𝟐 
(Anderson and 
Raykar, 1989) 
𝐾𝑝𝑟𝑜 /𝑤 = 5.6
𝜌𝑝𝑟𝑜
𝜌𝑤
(𝐾𝑜/𝑤)
0.27 -0.09 – 5.49 16 - 
(Wang et al., 2010) 𝐾𝑝𝑟𝑜 /𝑤 = 4.2
𝜌𝑝𝑟𝑜
𝜌𝑤
(𝐾𝑜/𝑤)
0.31 -0.9 – 4.48 31 0.79 
(Hansen et al., 2011) 𝐾𝑝𝑟𝑜 /𝑤 = 4.47
𝜌𝑝𝑟𝑜
𝜌𝑤
(𝐾𝑜/𝑤)
0.32 - 64 0.78 
(Hansen et al., 2013) 𝐾𝑝𝑟𝑜 /𝑤 = 5.35
𝜌𝑝𝑟𝑜
𝜌𝑤
(𝐾𝑜/𝑤)
0.32 - 71 0.77 
 
Deeper layers, including the viable epidermis and dermis, are often lumped together and 
treated as a homogeneous layer (Mccarley and Bunge, 2001), which has been shown to be 
adequate for many permeants  (Scheuplein and Bronaugh, 1983). Partition coefficients in the 
viable epidermis and dermis were investigated by Kasting and co-workers (Ibrahim and 
Kasting, 2010; Kretsos et al., 2008). The initial analysis was based on an experimentally 
obtained dataset of 26 chemicals ranging in MW from 18 – 476 Da and four species (human, 
guinea pig, rat and mouse). The partition coefficient of dermis to water involves ionisation, 
binding to extravascular serum proteins and lipid partitioning. The resulting model considers 
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the composition of dermis assuming that solutes were excluded from the collagen and elastin 
region:  
𝐾𝑑𝑒 = 0.7 × (0.68 + 
0.32
𝑓𝑢
+ 0.025𝑓𝑛𝑜𝑛 𝐾𝑜/𝑤)                            (2.12) 
where the three terms 0.68, 0.32/𝑓𝑢and 0.025 𝑓𝑛𝑜𝑛  account for the chemical disposition in 
albumin accessible aqueous phase, albumin-inaccessible aqueous phase and lipid phase, 
respectively. 𝑓𝑛𝑜𝑛 is the fraction of solute non-ionized in the aqueous phase and 𝑓𝑢 is the 
fraction of unbound (to albumin) solute.  The multiplier on the third term, 0.025 𝑓𝑛𝑜𝑛  was 
initially 0.001 (Kretsos et al., 2008) and underestimated the lipid content of dermis (~2.5%). 
Later this was improved by modifying the equation to the final form, as in Equation 2.12 
(Ibrahim and Kasting, 2010).  
For hair follicle pathway, permeation is via sebum. The partition properties of chemicals in 
sebum have been investigated by (Valiveti et al., 2008), in which a QSPR model was 
presented for the partition coefficient of sebum to water. Partition coefficients of model drugs 
with different chemical structures and 4-hydroxybenzoate series compounds were measured 
in artificial sebum/water (𝐾𝑠𝑒𝑏 /𝑤) and human stratum corneum/water (𝐾𝑠𝑐 /𝑤). The study 
showed a poor correlation between 𝐾𝑠𝑒𝑏 /𝑤 , 𝐾𝑠𝑐 /𝑤 and the permeability coefficient (𝐾𝑝) 
(Valiveti et al., 2008). Despite that, useful experimental data can be deducted from the 
resulting dataset.  The hair-water partition coefficient was investigated by Wang et al., 
(2012). The resulting QSPR model was based on the experimental dataset of five molecules’ 
where the uptake kinetics were measured and the effects of pH and physico-chemical 
properties investigated. 
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2.3.1.2 QSPR models to estimate the diffusion coefficient of skin components  
An additional important parameter for skin penetration is the diffusion coefficient in the 
different skin components. The diffusion coefficient can be estimated experimentally using 
Equation 2.4 as described previously. To extrapolate beyond the experimental data, numerous 
models for predicting diffusion coefficients have been developed.  A common feature that 
these approaches share is the inverse relationship of the diffusion coefficient with MW (thus 
size) of the permeant. The Stokes – Einstein equation for the diffusion of a particle 
undergoing Brownian motion is broadly used in the field (Einstein, 1905).  
𝐷 =
𝐾𝑇
6𝜋𝜂𝑟𝑠
                                                    (2.13) 
where K is the Boltzmann constant, T is the temperature, η is the viscosity of the medium and 
rs is the solute radius. The equation was initially used to predict the diffusion coefficient in 
lipids and corneocytes, effectively oversimplifying the actual process (Poulin and Krishnan, 
2001). Another approach to describe solute diffusion in lipid bilayers was proposed by 
Mitragotri, (2002). He used the scaled particle theory which allows solute diffusion in all 
directions within the lipids and provides an average value of diffusion coefficients. The 
theory calculates the diffusion parameter by relating it to the amount of work required to 
create a free volume to allow for solute diffusion. According to this theory, when the solute 
of interest has a MW greater than 380 Da, the amount of work required to create free volume 
does not change. The set of equation is given below: 
𝐷𝑙𝑖𝑝 = {
2 × 10−9 𝑒𝑥𝑝(−0.46 𝑟𝑠
2) ,         𝑀𝑊 ≤ 380 𝐷𝑎
  3 × 10−13,                                    𝑀𝑊 > 380 𝐷𝑎 
                            (2.14)     
Wang et al., (2006) conducted a comparative analysis between experimental steady state 
permeability and partition data. The comparison showed that the transport properties of the 
SC lipids are anisotropic, with lateral diffusivities several orders of magnitude higher than the 
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equivalent vertical diffusivities. Anisotropy is defined as the difference, when measured 
along different axis, in a materials physical or mechanical properties. Subsequently, the group 
adopted the idea of anisotropic lipid diffusion by differentiating between lateral bilayer 
diffusion and trans-bilayer crossing. Wang et al., (2006) re-evaluated the relationship 
between measured diffusion coefficients in lipid and MW based on previously published 
datasets (Johnson et al., 1996). The resulting relationship is shown below:  
𝐷𝑙𝑖𝑝 = 𝑎 𝑀𝑊
−𝑏 + 𝑐                                                        (2.15) 
where 𝑎, b and c are empirical constants with the values 8.98× 10−3 𝑐𝑚2 𝑠⁄ , 2.43 and 
2.34× 10−9 𝑐𝑚2 𝑠⁄ , respectively (Wang et al., 2006). Anisotropy has also been considered 
for the estimation of lipid-phase diffusion in other bricks and mortar models thus far (Albery 
and Hadgraft, 1979; Edwards and Langer, 1994; Johnson et al., 1997). In some of these 
approaches, the corneocytes are considered impermeable and  serve as barriers reducing the 
diffusion area and increasing the path length (Johnson et al., 1997).  
An empirical equation was proposed to predict solute diffusion into corneocytes based on a 
hindered diffusion theory. The corneocytes are considered to be a gel phase and the 
diffusivity depends on the hydration level following the combined hydrodynamic/obstruction 
theory in gel networks (Johnson et al., 1996). The equation is illustrated below: 
𝐷𝑏 =
𝑒𝑥𝑝(−𝛼𝑆𝜆)
1+
𝑟𝑠
√𝑘 
+
𝑟𝑠
2
3𝑘
× 𝐷𝑤                                                       (2.16) 
where α, β, γ and λ are model fitting parameters (α = 9.47, β = 9.32× 10−8, γ = -1.17 and 
λ=1.09), S = (1 - θb)(
rs+ rf
rf
)
2
, k is the hydraulic permeability and Dw the diffusion coefficient 
in water estimated by Equation 2.10 above. The fitting parameters α, β, γ and λ were chosen 
after applying the above QSPR model to fit skin permeability data. In a similar approach, 
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another group considered corneocytes to be permeable and keratin fibres as being non-
accessible to solute diffusion (Wang et al., 2006). The equation accounts for the variable 
hydration level in a corneocyte that the diffusion coefficient strongly depends on. The 
equation is shown below:  
𝐷𝑐𝑜𝑟 = 𝐷𝑤 (𝑓𝑠𝑡𝑒𝑟𝑖𝑐 (𝜑𝑓𝑖𝑏𝑒𝑟) × 𝑓ℎ𝑦𝑑𝑟𝑜 (𝜑𝑓𝑖𝑏𝑒𝑟) )                                (2.17) 
where 𝐷𝑤 is the diffusion coefficient in water and can be estimated using the Stokes - 
Einstein relationship. 𝜑𝑓𝑖𝑏𝑒𝑟 is the non-accessible fibre volume fraction and depends on the 
ratio of solute to fibre radius. 𝑓𝑠𝑡𝑒𝑟𝑖𝑐 and 𝑓ℎ𝑦𝑑𝑟𝑜 are retardation fractions due to steric and 
hydrodynamic hindrance. Further details regarding this approach can be found in the 
respective reference (Wang et al., 2006).  
Similar to the partition coefficient in viable epidermis and dermis, the diffusion coefficient 
was again assumed to be the same in both skin layers (Ibrahim and Kasting, 2010; Kretsos et 
al., 2008). The diffusion coefficient equation employed a free diffusivity with a liquid-like 
size dependence multiplied by the binding factor as derived from 𝐾𝑑𝑒 (Equation 2.12).  
𝐷𝑑𝑒 =
0.7 ×10−8.15−0.655 𝑙𝑜𝑔 𝑀𝑊
  𝐾𝑑𝑒
                                                 (2.18) 
The examination of sebum diffusion properties was attempted by Valiveti and Lu, (2007). A 
method was developed for the determination of the sebum flux of topical therapeutic agents 
and other compounds. The results indicated that the flux through artificial sebum is 
compound dependent; mainly with regard to lipophilicity and solubility. The correlation of 
the experimental data with the resulted QSPR relationship was poor (𝑅2 =0.04) (Valiveti and 
Lu, 2007).  Diffusion through stratum corneum pores was also theoretically investigated 
(Mitragotri, 2003). In the respective study the author claims that the Stokes-Einstein equation 
(Equation 2.13) can be used to express the diffusion coefficient through stratum corneum 
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pores.  A development of a QSPR relationship to estimate the diffusion coefficient in human 
hair has also been developed (Wang et al., 2012). 
Other QSPR models were developed over time to account for more complex formulations in 
the vehicle (Ghafourian et al., 2010; Guth et al., 2014). Partitioning and diffusivity were also 
examined for other phases of the integumentary system (e.g. eccrine glands). These are 
outside of the scope of this thesis, and thus will not be discussed. 
2.3.1.3 Summary  
Thus far the literature review has covered the recent advances in QSPR models of chemical 
partition, diffusion and permeability of skin and skin components. These properties are 
essentially going to be utilized by more complicated models to predict the pharmacokinetic 
behaviour of drugs after topical application on the skin. The remaining sections of the 
literature review will focus on such approaches. 
2.3.2 Modelling dermal absorption and distribution kinetics 
Kinetic models of transdermal permeation can be divided into macroscopic and microscopic.  
Informative reviews exist in the literature that distinguish modelling approaches based on the 
scale used (Frasch and Barbero, 2013; Naegel et al., 2013). The macroscopic scale starts from 
100μm to 1cm and mainly includes the compartmental modelling approach. Microscopic 
models start from 1nm and can reach up to 10μm. The microscopic scale generally refers to 
objects which are not visible with the naked eye.  Multiscale models are models whose 
different compartments may consist of both macroscopic and microscopic components.  
2.3.2.1 Compartment models  
Compartment models are often used to study the fate of chemicals entering and leaving the 
body. These models treat the skin as one or more compartments of uniform concentration that 
act as reactors and/or reservoirs of chemical storage with transfer between the compartments 
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depicted by first order rate constant expressions (Mitragotri et al., 2011). While skin 
permeation can be described by Fick’s second law (Equation 2.20), these approaches do not 
consider the spatial derivative to have any impact on the concentration variation. Thus, even 
when considering complex exposure scenarios (e.g. evaporating solutions) combined with 
either metabolism and/or excretion, first-order ODEs can be used, making the model less 
complex and easier to numerically solve. This makes such models simpler to implement but 
less physiologically relevant. Figure 2.5 illustrates two common examples of compartmental 
model found in the literature (Guy RH, 1983; Riegelman, 1974).  Benchmark models in this 
context, mainly considered either the stratum corneum alone (Reddy et al., 1998) or both the 
stratum corneum and the viable epidermis separately (McCarley and Bunge, 2000). In later 
attempts, the follicular pathway has been also considered as an additional compartment by 
other groups (Liu et al., 2011). An edifying review is available in the literature for one and 
two-compartment models with rate constants expressed in terms of skin parameters 
(Mccarley and Bunge, 2001).    
 
Figure 2.5 Skin compartment models presented by (a) Guy RH, 1983 and (b) (Riegelman, 
1974) 
2.3.2.2 The diffusion equation & Solution methods 
Consider the general form of the Fick’s diffusion equation as illustrated below:  
𝜕𝐶
𝜕𝑡
= ∇ ∙ (𝐷∇𝐶)                                                      (2.19) 
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Equation 2.19 can be used to describe the diffusion process and account for more than one 
dimension. In one dimensional domain the equation is generally written as: 
𝜕𝐶
𝜕𝑡
= 𝐷
𝜕2𝐶
𝜕𝑥2
                                                              (2.20)  
In the equation above, the concentration (𝐶) is the dependant variable whereas time (𝑡) and 
space (𝑥) are the independent variables.  In a two dimensional case, Equation 2.19 is altered 
to account for the second dimension. Thus, a third independent variable is introduced (𝑦).  
  
𝜕𝐶
 𝜕𝑡
= 𝐷 ( 
𝜕2𝐶
𝜕𝑥2
+
𝜕2𝐶
𝜕𝑦2
)                                                                  (2.21) 
Equations 2.20 and 2.21 have been broadly utilised by the skin modelling community to 
develop both one and two-dimensional models (Chen et al., 2008; George, 2005; Gumel et 
al., 1998; Guy and Hadgraft, 1982; Heisig et al., 1996). Attempts for the development of 
three-dimensional models have also been reported (Dai et al., 2008; Naegel et al., 2013).    
To complete the PDE initial and boundary conditions need to be specified. These will provide 
the initial concentration distribution along the space variable(s) and the manner in which the 
concentration at the boundaries of the space domain is changing. These conditions depend on 
specific scenarios and will be discussed further in Chapter 3.  
The PDE needs to be solved, and for such complex problems no analytical solution exists. 
This section outlines the numerical methods that were most commonly used within the skin 
modelling community (Frasch and Barbero, 2013).   
The finite difference (FD) method has been widely used in the area of skin modelling. In FD, 
a continuous differential equation can be approximated by a finite set of difference equations. 
Such schemes are concerned with maximising the accuracy while minimising instability. In 
two dimensional cases, the method is generalised and can be adapted to the multiphasic unit 
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cell approach. Conceptually it is easy to model each cell as a different grid with specific 
properties, hence the FD is used regularly (Gumel et al., 1998; Kubota et al., 1993; Wang et 
al., 2006).  
The method of lines (MOL) is also considered popular although it has been less used than FD 
in skin modelling so far. Using MOL the modeller is only required to discretize the spatial 
derivatives, leading to a system of ordinary differential equations (Frasch and Barbero, 2013). 
A computational ODE solver is then required to numerically integrate the ODEs which will 
also discretise the time derivative automatically. 
The finite volume (FV) method, similar to FD, represents and evaluates the PDE in the form 
of algebraic equations and discretizes the computational domain into a mesh. In FV, the 
surfaces of these meshes define small finite volumes. The governing equations then apply 
locally within these volumes (LeVeque, 1992). FV has been mainly used in the skin 
modelling literature for two-dimensional bricks-and-mortar models (Heisig et al., 1996; 
Naegel et al., 2008).  
The finite element (FE) method is an alternative way of approximating solutions for PDE. It 
is also a grid-based numerical method discretising a domain into several meshes (meshes can 
have multiple shapes) and then reconnects those at specific nodes. A set of algebraic 
equations then results from the discretization. The finite element method is attractive to 
mathematical modellers due to its ability to handle complicated geometries (and boundaries). 
The quality of FE method approximation is often higher than that of other methods but is 
extremely problem dependent. Additionally, in contrary to other methods covered in this 
section, it does not guarantee the conservation of the quantity under investigation (Logan, 
2011).   
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2.3.2.3 Review of one-dimensional models 
One-dimensional skin models usually describe the skin as a multilamellar structure and each 
layer is characterized by effective partition and diffusion properties for a given chemical. The 
concentrations in the model domain are described as a function of depths along a one-
dimensional line. The purpose of such models is to describe transient dermal absorption. 
One-dimensional models have been used to model the main skin layers (stratum corneum, 
viable epidermis and dermis) and in many cases the vehicle of the application 
(Chandrasekaran et al., 1976; Kretsos et al., 2004; Kubota et al., 1993). Additionally, 
adsorption, metabolism, evaporation and clearance were also considered separately in various 
modelling attempts (Gumel et al., 1998; Kasting et al., 2008; Kasting and Miller, 2006; Lee et 
al., 1996). 
An influential model has been developed to examine the application of volatile and this one 
dimensional multilayer diffusion model was implemented in an Excel spreadsheet (Kasting et 
al., 2008). The model has been further developed in order to account for skin disposition of 
solutes from binary or multicomponent mixtures to describe combined heat and mass transfer 
in the skin. It was also extended to include the viable epidermis and dermis layers. The model 
is presented and evaluated in (Dancik et al., 2013).  
The majority of one dimensional models are in the macroscopic scale, and hence it is difficult 
to differentiate between different pathways and comprehensively describe the physiology of 
the skin layers; especially the stratum corneum. The microscopic scale offers the capability 
for a comprehensive description of the different transport processes. Such models are usually 
implemented to understand how the effective diffusivity and partitioning depend on the 
geometry and spatial arrangement of the different phases in the stratum corneum and upon 
the corresponding partition and diffusion coefficients of lipids and corneocytes separately 
(Frasch and Barbero, 2013). One-dimensional microscopic models were introduced to 
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address the need for more descriptive information regarding the various skin components and 
the differentiation between the penetration pathways. One of the first attempts to address this 
issue was to distinguish between the intercellular and intracellular pathway (Lee et al., 1997). 
A later study also included a trapping mechanism for corneocytes in an attempt for more 
realistic representation of the actual process (Mollee and Bracken, 2007).  
2.3.2.4 Review of two-dimensional models 
Following the discussion from the previous paragraph, skin modelling in the microscopic 
scale has been a requirement to model the skin layers more accurately, particularly the 
stratum corneum. The need for more realistic representations of the skin penetration 
processes was also the driving force for the development of two-dimensional models. The 
rise in popularity of the first two dimensional models, to the best knowledge of the author, 
was approximately 20 years following the introduction of one dimensional models. 
The bricks-and-mortar representation of the stratum corneum, that many have approved, is a 
modelling approach that requires adoption of the microscopic scale (Elias, 1983). This 
approach distinguishes between lipids and corneocytes while organising them into a realistic 
geometry. Thus, the intercellular and intracellular pathways could be assessed by a single 
model. The main challenge of the brick-and-mortar approach was obtaining the transport 
properties of chemical compounds in different domains of the skin. In some cases the 
transport properties are obtained by fitting to experimental skin penetration data (Hansen et 
al., 2008; Rim et al., 2008). In such cases the main limitation is that the model only produces 
reliable results with that particular experimental dataset. This limits the range of chemicals 
that the model can be used to predict. 
One of the first two-dimensional diffusion based models in the public literature provided a 
bricks-and-mortar representation of the stratum corneum (Heisig et al., 1996). The authors 
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used a finite volume method enabling numerical solution for time-dependant drug 
concentration within corneocyte and lipid phases.  A different approach was later taken by 
another group (Frasch, 2002) who modelled diffusion as a two-dimensional random walk 
through a biphasic stratum corneum. Although there was a realistic representation of the 
outermost skin barrier the model was computationally expensive.  Later enhancements have 
improved the model, allowing for it to be able to simulate with different diffusion and 
partition coefficients across the different media and interfaces between the media (Barbero 
and Frasch, 2006; Kushner et al., 2007). Naegel et al., (2008) introduced a multiscale model 
in which they included the detailed bricks-and-mortar stratum corneum (microscopic) 
representation as well as the viable epidermis and dermis (macroscopic) as homogeneous 
layers. All phases were modelled with homogeneous diffusivity. The diffusion and partition 
coefficient properties were experimentally determined or derived from simulations 
consistently (Hansen et al., 2008).    
As previously mentioned, the main setback of these models is the limited predictability as a 
result of the fitted input parameters. Wang et al., (2006) was the first group to present a 
mathematical model of transdermal permeation that derived the diffusion and partition 
properties of the solute from fundamental principles. Treating the lipid bilayer as a 
homogeneous medium is a simplification that was not adopted in this model. As a result, one 
of the transport properties (transbilayer mass transfer coefficient) is still empirically obtained 
by fitting to the simulated experimental data of skin permeability. Furthermore, the model 
had limited consideration of hydrophilic chemicals; the dataset they used to validate their 
model only included few. In their work, the varying hydration of the corneocytes and the sub-
structure of the lipid bilayer were considered explicitly. Later, Chen et al., (2008, 2010) 
presented a multi-scale approach using a similar bricks-and-mortar structure for the stratum 
corneum. In their model both the torturous lipid pathway and the transcellular corneocytes 
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pathway were considered. These later modelling studies adopted a multi-scale approach 
where the transport properties of skin lipids and corneocytes are determined separately, e.g. 
through molecular modelling and QSPRs, achieving improved prediction accuracy. Chen et 
al., (2015) further developed the model to include the viable epidermis and dermis. Recently, 
the model was extended to include absorption into the systemic circulation and subsequent 
kinetics (Chen et al., 2016). 
Three dimensional models of the skin barrier have also been implemented. These models are 
focused on representing an accurate geometry, particularly for the stratum corneum, but 
neglect attributes such computational expense and prediction accuracy. Given the nature of 
the current study these models are not going to be further examined in this thesis. 
Comprehensive reviews of such approaches are available in the literature (Naegel et al., 
2013).    
Table 2.3 summarises the reviewed diffusion-based models for skin penetration in a 
chronological order. The column Type specifies the scale used for each model: 1D-
Macroscopic (1D-Mac), 2D Macroscopic (2D-Mac), 1D-Microscopic (1D-Mic), 2D 
Microscopic (2D-Mic). The column SC type specifies the stratum corneum representation 
used: homogeneous (H) or bricks and mortar (B&M). The column VE&D indicates whether 
the viable epidermis and dermis were considered in the model. The column Method specifies 
the numerical method used: analytical (A), finite element (FE), finite difference (FD), finite 
volume (FV), method of lines (MOL). 
The comparison is based on the skin layers considered, the stratum corneum representation, 
their scale, the numerical method used and whether these are transient or not.  The models 
discussed so far are mostly limited to the transcellular and intercellular pathways. The next 
section will focus on the mathematical modelling of the follicular pathway.      
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Table 2.3 Overview of reviewed diffusion-based models. 
Reference  Type Transient SC type VE&D Solution 
method 
(Yotsuyanagi and Higuchi, 
1972) 
1D - Mic - H - A 
(Michaels et al., 1975) 1D - Mic - H - A 
(Chandrasekaran et al., 1976) 1D - Mac x H - A 
(Guy and Hadgraft, 1982) 1D - Mac x H - A 
(Gienger et al., 1986) 1D - Mac x H - FE 
(Kubota et al., 1993) 1D - Mac x H - FD 
(Heisig et al., 1996) 2D - Mic x B&M - FV 
(Lee et al., 1997) 1D - Mic x H - A 
(Gumel et al., 1998) 1D - Mac x H - FD 
(Manitz et al., 1998) 2D - Mac x H x FE 
(Frasch and Barbero, 2003)  2D - Mic x B&M - FE 
(George et al., 2004) 2D - Mac x H - FD 
(George, 2005) 2D - Mac x H - MOL 
(Rim et al., 2005) 2D - Mac x H - FE 
(Wang et al., 2006) 2D - Mic x B&M - FD 
(Rim et al., 2008) 2D - Mic x B&M - FE 
(Naegel et al., 2008) 2D - Mic x B&M x FV 
(Chen et al., 2008) 2D - Mic x B&M - MOL 
(Ray Chaudhuri et al., 2009) 1D - Mac x H - FD 
(Dancik et al., 2013) 2D - Mic x H x FD 
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(Chen et al., 2015) 2D - Mic x B&M x MOL 
(Chen et al., 2016) 2D - Mic x B&M x MOL 
2.3.3 Modelling follicular pathway 
Early mathematical modelling of the impact of follicular pathway on skin permeation was 
reported by Scheuplein, (1965). A macroscopic characterization of the skin barrier and 
follicular pathway using effective diffusion coefficients was presented. The group computed 
the ratio of the total amount of material diffused through the follicular ducts to the amount 
through stratum corneum. The findings suggested that shunt diffusion was dominant at early 
stages after application (Scheuplein, 1967, 1965).  A later study attempted to estimate the 
contribution of follicular diffusion to the observed penetration rate. They fitted a two-route 
diffusion model to experimental data for the diffusion of ibuprofen obtained with excised 
human skin. Their results showed that the follicular pathway accounted for 25% of the 
overall penetration through the skin at steady-state (Keister and Kasting, 1986). A two-
pathway model (follicular and transcellular pathways), that was later developed by Edwards 
and Langer. They applied the theory of transport phenomena in porous media to the transport 
of charge, fluid-mass and solute across the stratum corneum. The authors compared the 
theoretical predictions to existing experimental data. In the respective study different forms 
of transdermal transport were considered and the effect of the follicular pathway was studied 
(Edwards and Langer, 1994). Additionally, a model of skin permeability based on four 
permeation pathways in the stratum corneum describing free-volume diffusion has been 
developed. The four pathways are: vertical through lipid bilayers, lateral diffusion along lipid 
bilayers, and diffusion through hair follicles and sweat ducts. A simple permeability 
relationship model was developed to estimate the transport through shunts. The diffusion 
coefficient of the candidate solute in the shunt can be calculated by the Stokes-Einstein 
equation (Mitragotri, 2003).  
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In 2004, a 1D, diffusion-based, probabilistic, transient, three-phase model of percutaneous 
absorption was also developed by Ho (2004). Three penetration routes were considered: 
intercellular diffusion through the stratum corneum, aqueous-phase diffusion through sweat 
ducts and oil-phase diffusion through hair follicles. Steady state transport was reached at a 
median time of 24 minutes in the follicular phase, 4 minutes in the sweat duct phase and 48 
minutes in the stratum corneum phase (Ho, 2004). (Liu et al., 2011) used the Wanger-Nelson 
method to develop a first order absorption model based on the in vivo data of caffeine 
absorption obtained from an experimental study (Otberg et al., 2008). The compartmental 
model obtained good fitting to experimental data, suggesting that hair follicles contribute 
significantly to the overall penetration at early times after application. A recently published 
study aimed to investigate the impact of the complex structure of the stratum corneum on 
transdermal permeation (Barbero and Frasch, 2017). The effect of follicular diffusion was 
analysed along with the heterogeneity, anisotropy and asymmetry of the stratum corneum. 
The follicular pathway was integrated in a two-dimensional bricks-and-mortar model 
following previous methodologies (Scheuplein, 1967). The authors stated that the simplified 
approach they followed to model the follicular pathway is suitable only for comparisons, and 
not for quantitative evaluations of follicular permeation. Three chemicals were analysed in 
this study.     
2.4  Summary  
Skin penetration studies in vivo and in vitro have provided useful insights regarding the 
ability of chemicals to penetrate the skin barrier, based on their physico-chemical 
characteristics. Size, polarity and solubility in various solvents are some of the most 
impactful parameters and the most readily studied. Optical sciences have provided enormous 
amount of detailed description of the skin structure and geometry. Experimental studies, 
provided the mathematical-computational community with sufficient information to begin 
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building empirical and, subsequently, mechanistic relationships. The permeability coefficient, 
effective diffusivity and partitioning were the fundamental properties of the skin required for 
mechanism-based mathematical models. With mechanism-based mathematical models of 
transdermal permeation, more detailed descriptions of local concentration profiles, the impact 
of the different pathways, the uptake from different layers and the systemic circulation and, 
thus, bioavailability information could be obtained. 
The skin modelling community reached significant milestones thus far. The stratum corneum 
structure and physiology have been accurately represented in various in silico models (Table 
2.3). The brick-and-mortars approach has been widely accepted and proved to be adequate to 
describe the penetration of chemicals through the uttermost skin layer. The viable epidermis 
and dermis were integrated in many modelling studies mainly as homogeneous layers with 
identical physio-chemical properties to each other. Optical sciences find it harder, due to 
instrumentation depth limitations, to visualize and describe the deeper skin layers as 
accurately as the stratum corneum. Despite that, comparison of mathematical models that 
considered the viable epidermis and dermis against experimental data showed satisfactory 
agreement (Chen et al., 2015). The systemic circulation and clearance have also been 
integrated thus pharmacokinetic models can account for the bioavailability of a chemical after 
skin penetration. The state-of-the-art approach was introduced by Bookout et al., (1997, 
1996).Since the contribution of the follicular pathway to skin penetration was acknowledged, 
a few modelling attempts were made to integrate the additional pathway to in silico models.  
Limited literature exists on hair follicle models. Past modelling attempts were based on 
experimental observations relating the amount of applied substance penetrating through 
stratum corneum to the amount penetrated through the follicular openings (Keister and 
Kasting, 1986; Scheuplein, 1965). A theoretical permeability relationship has also been 
developed to estimate transport through shunts (Mitragotri, 2003). Others have treated the 
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diffusion process through hair as black box process after fitting to experimental data (Liu et 
al., 2011). Few attempted to integrate the follicular pathway to a mechanism-based model but 
there was still the need to fit to experimental data in order for the model to reproduce any 
results (Barbero and Frasch, 2017; Ho, 2004). Unlike other skin compartments (e.g. stratum 
corneum), a generally approved modelling approach of the follicular pathway does not yet 
exist. The aforementioned studies cannot reproduce experimental data and none have been 
validated against experimental studies. 
Subsequently, the models developed so far have limited predictive capability, due to the 
requirement for parameter fitting of the models to experimental data. Quantitative and 
selective description of the follicular pathway in relation to intracellular and intercellular 
pathways has been only possible for a very limited number of chemicals. Quantitative 
elucidation of the impact of the follicular pathway to a wide range of chemicals, has not been 
possible. This is the primary gap to be filled in this research. 
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Chapter 3 
3 Methodology  
3.1 Introduction 
This chapter presents the methodology for the development of a two-dimensional, multiscale 
transdermal permeation model that considers the three major penetration pathways 
(transcellular, intracellular and follicular). It is a predictive model since all the diffusion and 
partition properties can be estimated from theoretical relationships based on the physico-
chemistry of the chemicals and the composition of the different skin compartments. The 
model has been made flexible in order to enable the user to select which skin components to 
include in a simulation. Users also have the option to supply these parameters from derived 
experimental data. A detailed explanation regarding the model geometry, the proposed model 
framework, the implementation tools incorporated and mathematics of the model is presented 
in this chapter. 
Figure 3.1(a) illustrates the model framework with all different skin compartments integrated. 
The model consists of a homogenous vehicle layer on top, followed by the heterogeneous and 
microscopic bricks-and-mortar structure of the stratum corneum. The homogeneous viable 
epidermis and dermis are located below this. The blood capillaries are integrated within the 
dermis, where the solute clearance into systemic circulation is calculated. The follicular 
anatomy has been converted into a two-dimensional domain of heterogeneous material 
(Figure 3.1(b)) and integrated on the right hand side of the model. The solution methods will 
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initially be presented followed by the integration of the various components onto the 
proposed framework.  
 
Figure 3.1 The complete model framework (a) along with the simplification of hair follicle 
anatomy into a 2D modelling domain (b). Note that the modelling domain corresponds to the 
unshaded area in (b). 
3.2 Governing equations 
Fickian diffusion is the underlying mechanism on which the current modelling approach is 
based. The diffusivity in each component of the model is assumed to be independent of the 
concentration. This simplification is justified as transdermal permeation generally involves 
low concentration of chemicals.   
According to the Fick’s first law off diffusion, in a binary mixture the rate of mass flux of 
component 𝑐 across a surface area is proportional to its concentration gradient: 
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𝑚𝑐̇
𝐴
∝  
𝑑𝐶𝑐
𝑑𝑥
                                                                    (3.1) 
where, 𝑚𝑐̇  is the rate of mass transfer rate of component 𝑐, A is the cross sectional area, 𝑥 is 
the space variable and 𝐶𝑐 is the concentration of component 𝑐. The proportionality term was 
later removed by introducing a constant (the diffusion coefficient) in the relationship above 
and give rise to Fick’s first law of diffusion which, as previously mentioned, is:  
𝐽 =  
𝑚𝑐̇
𝐴
=  − 𝐷𝑐
𝜕𝐶𝑐
𝜕𝑥
                                                           (3.2) 
The concept described in the above expression is that a solute will move from a region of 
high concentration to a region of low concentration across a concertation. 
To derive a kinetic model, the time derivative is required. Figure 3.2 describes a simple one-
dimensional case where only one medium (a) exists. Applying the mass balance, leads to the 
resulting equation of the system.  
 
Figure 3.2 The concentration profile of a random medium a. 
The mass balance of the process illustrated in Figure 3.2 follows:  
(𝐽𝑥 −   𝐽𝑥+𝑑𝑥 )𝛥𝑡 =  𝛥𝐶𝑐 𝛥𝑥                                                             (3.3) 
By taking the limit 𝛥𝑡 → 0  and 𝛥𝑥 → 0, 
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𝜕𝐶𝑐
 𝜕𝑡
=  
𝜕𝐽
𝜕𝑥
                                                                                 (3.4) 
By substituting Fick’s first law (Equation 3.2) into Equation 3.4:  
  
𝜕𝐶𝑐
 𝜕𝑡
=  
𝜕
𝜕𝑥
( 
𝑚𝑐̇
𝐴
) =  
𝜕
𝜕𝑥
(− 𝐷𝑐
𝜕𝐶𝑐
𝜕𝑥
)                                                             (3.5) 
Equation 3.5 is Fick’s second law and can be generalised to two or more dimensions: 
 
𝜕𝐶
 𝜕𝑡
=  ∇(−𝐷 ∙ ∇𝐶)                                                                (3.6) 
Equation 3.6 is a PDE as there are two independent variables; time and space. The dependent 
variable is the concentration of chemical species under consideration. 
3.2.1 Solution of the diffusion equation  
The fundamental equation on which the implementation of this model will be based has been 
derived above (Equation 3.6). This equation needs to be further modified in order to address 
the complexity and details of the modelling approach. The current model will consider two 
dimensions (x and y) and thus the specific form of Equation 3.6 is:  
  
𝜕𝐶
 𝜕𝑡
= −𝐷 ( 
𝜕2𝐶
𝜕𝑥2
+
𝜕2𝐶
𝜕𝑦2
)                                                                    (3.7) 
where x corresponds to the lateral spatial dimension whereas y to the vertical. Figure 3.3 
illustrates the model boundaries. To complete the problem statement, initial and boundary 
conditions are also required. As this is a two-dimensional problem, one initial and four 
boundary conditions are required (Section 2.2.2.1).  
48 
 
 
Figure 3.3 Model boundaries schematic 
Initial conditions:  
𝐶(𝑥, 𝑦, 𝑡 = 0) = {
𝐶𝑂      0 < 𝑦 <  𝑦𝑉
0     𝑦𝑉 < 𝑦 < 𝑦𝑑
                                               (3.8)                     
where, 𝐶𝑂  is the initial concentration in the vehicle, 𝑦𝑉 is the vertical depth of the vehicle and 
𝑦𝑑 is the full domain vertical length. 
Boundary conditions:                                        
The model has been made flexible, allowing for the configuration and source of application 
to change, and hence resulting in different boundary conditions for each scenario. Further 
details regarding the different setups will be provided in the following sections of this 
chapter. Below, the effect of these changes at each boundary will be considered:    
Top boundary:   
In the case were the model will have either a finite or infinite source no-flux boundary 
conditions are applied, thus the concentration at the top boundary of the space domain will be 
changing, following the Equation 3.9. When the source is infinite, the concentration stays 
constant from 𝑦0 𝑡𝑜 𝑦𝑣. 
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𝜕𝐶 (𝑥,𝑦=0,𝑡)
𝜕𝑦
 = 0                                                              (3.9)           
Bottom boundary:  
When systemic circulation is considered in the model, the concentration at the bottom 
boundary of the space domain will be a no-flux boundary and thus will be changing based on 
the equation below: 
𝜕𝐶 (𝑥,𝑦=𝑦𝑑,𝑡)
𝜕𝑦
 = 0                                                          (3.10) 
In the case where there exists an infinite sink at the bottom of the model framework, the 
condition will become:  
𝐶(𝑥, 𝑦 = 𝑦𝑑 , 𝑡) =  0                                                     (3.11) 
The boundaries along the x axis are unaffected by the changes in the model framework. These 
are no-flux boundaries.  
Left boundary:                                    
𝜕𝐶 (𝑥=0,𝑦,𝑡)
𝜕𝑥
 = 0                                                          (3.12)                                                                     
Right boundary:                                 
𝜕𝐶 (𝑥=𝑥𝑑,𝑦,𝑡)
𝜕𝑥
 = 0                                                         (3.13)          
where 𝑥𝑑 is the lateral distance of the model domain.                                                                                 
The method of lines has been chosen to numerically solve the PDE. Utilising this method of 
solution, only the spatial domain needs to be discretised, which will lead to a system of 
ODEs. An off-the-shelf computational solver will then be used to numerically integrate the 
resulting ODEs and also discretise the time derivative automatically. The method of lines 
guarantees mass conservation. 
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The spatial domain has been divided into a discrete grid-based system as shown in Figure 3.4. 
The meshing has been made flexible so that it can change to address different model 
frameworks and geometries. All compartments (vehicle, stratum corneum, viable epidermis, 
dermis and hair follicle) are interconnected but can also stand alone and be simulated in 
different combinations. Moreover, the geometry of the compartments also changes when 
different body sites are considered. As can be seen from Figure 3.4 there exists an irregular 
geometry at the second horizontal dashed line between the cells. This is the interface between 
the stratum corneum and viable epidermis. To ensure that the mass balance between the 
adjacent cells is achieved, an algorithm has been implemented that further divides the meshes 
when the simulation reaches that point. The approach has been validated by ensuring the 
mass balance after division is attained with different geometries. 
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Figure 3.4 Grid-based system developed for the discretisation of the computational domain. 
The figure is not to scale.  
The computational domain has been discretised in order to accommodate the heterogeneity of 
the skin. This effectively means that individual grids can have different physico-chemical 
properties (diffusion and partition coefficients). In the grid based system developed, the rate 
at which the concentration changes is related to the solute flux, the concentration gradient and 
the volume of the grid. The rate of change of the number of moles of a chemical in a single 
grid (a), N, is given by: 
𝑑𝑁
𝑑𝑡
= −𝐽 𝐴                                                               (3.14) 
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The concentration of solute in the grid (𝐶𝑎) is equal to the number of moles per unit volume: 
 𝐶𝑎 =
𝑁
𝑉𝑎
                                                                (3.15) 
where 𝑉𝑎 is the volume of the grid. Combining Equations 3.2, 3.14 and 3.15 the relationship 
below is obtained:  
𝑉𝑎  
𝑑𝐶𝑎
 𝑑𝑡
=  −?̇?𝑎                                                         (3.16) 
Taking into consideration that the model is two dimensional, then the four adjacent grids to 
grid α (right, left above and below) are involved in mass transfer. The mass balance equation 
for grid α is then the sum of all the rate mass flows that are adjacent to the specific grid (e.g. 
grids β, γ, δ, ε) over the volume of that grid. The resulting equation is shown below:  
 𝑉𝑎  
𝑑𝐶𝛼
 𝑑𝑡
= −(?̇?𝛼𝛽 +  ?̇?𝛼𝛾 + ?̇?𝛼𝛿 + ?̇?𝛼𝜀)  = − ∑ ?̇?𝑎𝑑𝑗                           (3.17) 
Due to the heterogeneity of the domain, the equation to estimate the flux between two 
adjacent grids needs to be modified accordingly. From example, grids α and β (Equation 
3.17) can have different properties and/or geometries. Consequently, the concertation of a 
chemical in equilibrium in those grids will be different. The mass transfer between two grids 
is illustrated in Figure 3.5. Uniform concentration is assumed within the grids. According to 
the two-film theory, in regions close to the interface between two phases, the concentration of 
a solute changes linearly with spatial position. In Figure 3.5, 𝛿𝛼 and  𝛿𝛽 represent the 
thickness of the two films. At the interface, the concentration in the two grids (𝐶𝛼𝑖 and 𝐶𝛽𝑖) 
reaches equilibrium.  
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Figure 3.5 Two-film schematic for mass transfer between two grids.  
As grids α and β have different properties, it follows that the partition coefficient will not be 
equal to one. The relationship for the partition coefficient comes directly from its definition 
and is shown below:  
𝐾𝛼𝛽 =
𝐶𝛼𝑖
𝐶𝛽𝑖 
                                                            (3.18) 
According to Equation 3.2, the mass flux can be written for each side of the film:  
𝐽𝛼𝑜𝑢𝑡 =  
𝐶𝛼−  𝐶𝛼𝑖
 𝛿𝛼
 𝐷𝛼                                            (3.19) 
 𝐽𝛽𝑖𝑛 =  
𝐶𝛽𝑖−  𝐶𝛽
 𝛿𝛽
 𝐷𝛽                                                        (3.20) 
By setting the two equations (3.19, 3.20) equal to each other, assuming no accumulation at 
the interface, and using Equation 3.18 to replace 𝐶𝛽𝑖, the resulting equation is the one applied 
to estimate the rate of mass flow of two adjacent grids in the current model:  
?̇?𝛼𝛽 =  
𝐴
𝛿𝛼
𝐷𝛼
+
𝐾𝛼𝛽𝛿𝛽 
𝐷𝛽
(𝐶𝛼 −  𝐾𝛼𝛽𝐶𝛽)                                         (3.21) 
Subsequently, Equation 3.17 will be incorporated to estimate the concentration of grid 𝛼 at 
any given time.  
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3.3 Integration of model compartments into the framework  
3.3.1 The vehicle 
The vehicle of topical application is an important compartment that needs to be accurately 
modelled, particularly when simulating finite-dose applications. In this study the vehicle is 
modelled as a single homogeneous layer on the top of the model framework, as seen in 
Figure 3.1(a). The geometry of the vehicle is to be set by the user depending on the 
application for a specific scenario. In certain cases, the applied dose results in the 
concentration of the chemical in the vehicle exceeding its solubility in the corresponding 
solvent. The excess portion over the solubility is modelled as solids. The rate of diffusion of 
the chemical from the vehicle into the skin is generally slower than the dissolution rate of 
solids in the vehicle. Therefore the vehicle is assumed to remain saturated until the excessive 
amount is fully dissolved (to compensate for the depletion of vehicle due to absorption into 
skin). Once the excessive amount of solid is fully dissolved, the vehicle is then switched to a 
finite source. 
3.3.2 The stratum corneum 
The physiology of the stratum corneum has been explained in Chapter 2. Briefly, the main 
components of the stratum corneum are lipids, water and protein. There are approximately 10 
to 20 layers of corneocytes, depending on the body site, tightly compacted and discretely 
embedded in the lipid matrix (Egawa et al., 2007; Sandby-Møller et al., 2003). Water is 
secondary to keratinized corneocytes in mass. The keratinized corneocyte represents 85-90% 
of the dry mass of the stratum corneum whereas lipid matrix accounts for 10-15% (Chen et 
al., 2008). Water distribution in the stratum corneum ranges from 15 – 50%. The average 
water hydration level is considered to be 30% (Caspers et al., 2000; Warner et al., 1988) 
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In this study, the stratum corneum is modelled as a heterogeneous material adopting the 
widely accepted bricks-and-mortar approach. The diffusion and partition properties of both 
lipid and corneocytes are estimated by fundamental physical and chemical properties of the 
permeants. Figure 3.6 shows the framework used to represent the stratum corneum. The 
structure consists of N layers of corneocytes of width d and height t, embedded in a 
continuous lipid matrix of thickness g. The lateral spacing between neighbouring corneocytes 
is denoted as s. Another important parameter is the offset ratio, w which can be defined as the 
ratio of the path lengths from the interkeratinocyte lipid slit of one layer to the two closest 
slits in the next lower layer, as shown in the Figure 3.6. In this study, these geometrical 
parameters are taken from Johnson et al., (1997) and are shown in Table 3.1.  The width of 
the model is kept to be three corneocytes wide (ca. 120 μm) to minimise computational 
expenses. As in previous studies (Johnson et al., 1997; Mitragotri, 2003), the swelling and 
shrinking of the stratum corneum due to skin hydration/dehydration is ignored. The 
underlying implication is that the porosities of both lipids and corneocytes are kept constant. 
Porosity in the current study is defined as the volume fraction of stratum corneum pores at 
fully dehydrated state. Subsequently, the use of the volume fraction of water at saturation and 
porosity is interchangeable. A detailed explanation of the procedure followed to estimate the 
volume fraction of water at saturation is presented.  
 
Figure 3.6 The stratum corneum framework and gridding alignment (dashed lines). The 
numbers on the left represent the corneocyte layers 
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Table 3.1 Structural and compositional properties of stratum corneum 
Parameter Value 
Corneocyte layer, 𝑵 Body-site dependant 
Width of corneocytes, 𝒅 40 μm 
Height of corneocytes, 𝒕 0.8 μm 
Thickness of intercellular lipid, 𝒈 0.0075 μm 
Lateral spacing between the corneocytes, 𝒔 0.075 μm 
Offset ratio, 𝒘 8 
Dry mass fraction of lipid, 𝒇𝒍 12.5% 
Dry mass fraction of keratin, 𝒇𝒌 87.5% 
Saturated water content of stratum corneum, 𝒇𝒔𝒄 55% 
 
The schematic in Figure 3.7 below illustrates the procedure followed to estimate the volume 
fraction of water at saturation. The figure represents a fraction of the stratum corneum 
structure where only one corneocyte and its surrounding lipid are considered.  
 
Figure 3.7 Dry mass fraction and water content of a single lipid and corneocyte cell 
arrangement. (Note: 𝒇𝒔𝒄 =  𝒇𝒔𝒄𝟏 + 𝒇𝒔𝒄𝟐 ) 
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Knowing that the dry mass fraction of lipid is 12.5% and dry content of the stratum corneum 
is 45%, the mass fraction of dry lipid in a single lipid can be obtained by multiplying the two 
parameters: 
𝑀𝑑𝑙,𝑓 =  
12.5
100
×
45
100
= 0.05625                                                  (3.22) 
Following the same methodology, it is also possible to obtain the mass fraction of keratin in a 
single corneocyte by:  
𝑀𝑘,𝑓 =  
87.5
100
×
45
100
= 0.39375                                                   (3.23)   
After obtaining these mass fractions the volume fractions of the system can be calculated. To 
do this, an assumption has to be made for the total mass of the system.  
Assuming total mass: M 
Volume of dry lipid:                                𝑉𝑑𝑙 =  
𝑀×𝑀𝑑𝑙,𝑓
𝜌𝑙
                                                     (3.24)  
Volume of dry corneocyte:                     𝑉𝑘 =  
𝑀×𝑀𝑘,𝑓
𝜌𝑘
                                                       (3.25)  
Volume of total water:                             𝑉𝑤 =  
𝑀×55%
𝜌𝑤
                                                      (3.26)  
Volume of system:       𝑉𝑠𝑦𝑠𝑡𝑒𝑚 =
𝑀×𝑀𝑑𝑙,𝑓
𝜌𝑙
   ×    
𝑀×𝑀𝑘,𝑓
𝜌𝑘
   ×    
𝑀×55%
𝜌𝑤
                                 (3.27)    
The volume fractions of dry lipid and keratin can be then calculated:  
𝑉𝑑𝑙,𝑓 =  
 
𝑀𝑑𝑙,𝑓
𝜌𝑙
𝑀𝑑𝑙,𝑓
𝜌𝑙
   ×   
𝑀𝑘,𝑓
𝜌𝑘
   ×   
55%
𝜌𝑤
 
   =   0.0602                                             (3.28) 
𝑉𝑘,𝑓 =  
 
𝑀𝑘,𝑓
𝜌𝑙
𝑀𝑑𝑙,𝑓
𝜌𝑙
   ×   
𝑀𝑘,𝑓
𝜌𝑘
   ×   
55%
𝜌𝑤
 
   =   0.3511                                           (3.29)  
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Using the dimensions of the system provided in Table 3.1 the volumes of lipid (𝑉𝑚) and 
corneocytes (𝑉𝑏) are estimated. As the model is 2D, 1 μm of constant depth is assumed for all 
calculations.  
𝑉𝑚 = [(40 + 0.075)  ×  0.075 ]  + [0.075 ×  0.8] = 3.0656 𝜇𝑚
3               (3.30) 
𝑉𝑏 = 40 ×  0.8 = 32 𝜇𝑚
3                                                       (3.31) 
Volume fractions:  
𝜑𝑚,𝑓 =
𝑉𝑚
𝑉𝑚+𝑉𝑏
= 0.0874                                                        (3.32) 
𝜑𝑏,𝑓 = 1 −  𝑉𝑚,𝑓 = 0.9125                                                     (3.33) 
Volume fraction of water in mortar: 
𝜑𝑤𝑚,𝑓 =  𝑉𝑚,𝑓 − 𝑉𝑑𝑙,𝑓 = 0.0272                                               (3.34) 
Volume fraction of water in corneocytes: 
𝜑𝑤𝑏,𝑓 = 𝑉𝑏,𝑓 − 𝑉𝑘,𝑓 = 0.5614                                                 (3.35) 
Finally, the volume fraction of water at saturation in the lipid matrix and corneocytes can be 
calculated:  
φ𝑚 =  
𝜑𝑤𝑚,𝑓 
𝜑𝑚,𝑓
  = 0.3114                                                       (3.36) 
φ𝑏 =  
𝜑𝑤𝑏,𝑓 
𝜑𝑏,𝑓
= 0.6151                                                       (3.37) 
3.3.3 Deeper skin layers, systemic circulation and clearance 
The viable epidermis and dermis are modelled following the same principles, as literature 
suggests that they exhibit similar multiphase compositions (Dancik et al., 2013; Kretsos et al., 
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2008). In this study, these are considered as two different homogeneous layers with identical 
compositions but different geometries (Figure 3.1(a)). The depth of the two layers is site-
specific whereas the width is the same for all compartments and is automatically calculated 
based on the lateral width of the corneocytes considered. The chemical disposition in the 
albumin-accessible aqueous phase, albumin-inaccessible aqueous phase and lipid phase are 
considered in both layers, as suggested from previous studies (Ibrahim et al., 2012; Kretsos et 
al., 2008). 
The systemic circulation and clearance are coupled in the dermis layer. Thus, when 
modelling the transport between the dermis and capillaries, in addition to diffusion, 
convection must also be considered due to the blood flow. The approach taken in the current 
model is based on earlier studies (Bookout et al., 1996). In order to model this phenomenon, 
two assumptions have been made: the solute in blood circulation has uniform concentration 
and the dermis grids are in equilibrium with the blood compartment. By considering these 
assumptions, the model adopts a simplified approach compared to the transient models that 
have been previously used to calculate the permeation of solute between the dermis and 
capillary (Anissimov and Roberts, 2011; Kretsos and Kasting, 2007). Based on the 
aforementioned assumptions, convection of the solute from the capillary into the dermis is 
given by the blood flow into a single dermis grid multiplied by the solute concentration in the 
blood. The solute removed by the capillary is equivalent to the blood flow into a single 
dermis grid multiplied by the solute concentration of that grid over the dermis to blood 
partition coefficient. These considerations have resulted in Equation 3.38.  
𝑉𝐴
𝑑𝐶𝛼
𝑑𝑡
= − ∑ 𝑚𝛼̇ + 𝑄𝑏,𝛼 (𝐶𝑏 −
𝐶𝛼
𝐾𝑑/𝑏
)                                   (3.38) 
where Qb,α is the volumetric blood flow into dermis grid 𝛼, Cb is the solute concentration in 
the blood and Kd/b is the partition coefficient from the dermis to the blood. The volumetric 
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blood flow of the skin can be estimated according to physiology. The average resting cardiac 
output is ca. 5.6 L min−1 and 4.9 L min−1 for a human male and female, respectively (Carroll 
and Abdel-Rahman, 2007). The overall blood flow to the skin, is estimated to be 5% of 
cardiac output (Bookout et al., 1996) therefore, the overall skin blood flow can be obtained 
by multiplying these parameters are multiplied (0.05 × 5.6 = 0.28 L min−1 for male and 0.05 
× 4.9 = 0.245 L min−1 for female). Blood flow is assumed to have uniform distribution in the 
dermis. Therefore, the flow in each dermis grid can be calculated based on the volume of the 
grid and the volume of the dermis. The volume of dermis, as previously mentioned, is site-
dependent. The systemic circulation and clearance is described by the following equation:  
𝑉𝑏
𝑑𝐶𝑏
𝑑𝑡
= 𝑁 ∗  ∑ [ 𝑄𝑏,𝛼 ∗ ( 
𝐶𝛼
𝐾𝑑/𝑏
 − 𝐶𝑏)  ]  − 𝐾𝐶𝑏                              (3.39) 
where Vb is the total volume of blood vessels in the body, and KCbis the first order clearance 
that may include transport into other tissues and metabolism. The summation is with respect 
to all dermis grids, and N is the ratio of the actual topical application area to the area being 
simulated.  The volume of the body’s blood vessels is estimated from the typical fraction of 
blood mass to that of the adult body weight (7%) and the blood density. The plasma clearance 
rate is a widely reported parameter for various chemicals in the literature.  
Sink and receptor conditions have also been modelled and are available to replace systemic 
circulation and clearance when needed. For sink conditions, the concentration in the sink is 
always equal to zero. This means that anything that diffuses into sink is instantaneously 
cleared.  The receptor is modelled as an additional layer at the end of the model framework, 
and has a fixed volume and depth. It is considered to be water by default unless otherwise 
specified by the user. 
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3.3.4 Hair follicle 
As is shown in Figure 3.1 (a), the follicular pathway has been integrated into the model 
framework on its right-hand side. The most important decision in modelling the follicular 
pathway was to determine and model according to the actual route of penetration. There is an 
ongoing debate with regard to the actual route of follicular penetration (Grams and Bouwstra, 
2002; Knorr et al., 2009),  and studies have been conducted to examine at which phase of the 
hair growth cycle follicular penetration occurs. Domashenko et al., ( 2000) reported a study 
on mouse skin and human scalp xenograft. They concluded that transfection of liposomes 
occurred only at the onset of a new growing stage of the hair cycle (Domashenko et al., 
2000). In contrast, another study, that the assumptions of the current approach are based on, 
conducted on 8 human volunteers, suggested that penetration through the follicular pathway 
only occurs when the hair follicle is active. The follicular openings of inactive hair follicles 
were found to be covered with a mixture of dry sebum, desquamated corneocytes and other 
cell detritus. (Lademann et al., 2001), where the active hair follicle is characterised by hair 
growth and/or sebum production (Krause and Foitzik, 2006). It is also known that sebum is a 
penetrable medium (Lu et al., 2009; Valiveti et al., 2008; Valiveti and Lu, 2007) and that the 
diffusion coefficient in sebum (Valiveti et al., 2008; Valiveti and Lu, 2007) is usually several 
orders of magnitude higher than that in hair (Wang et al., 2012). For example, the diffusion 
coefficient of Ferulic acid (MW = 194.18 Da, LogKo/w = 1.51 ) in hair was reported to be 
1.83× 10−14 m2/s (Wang et al., 2012), whereas the diffusion coefficient of Hydroxybenzoic 
acid (MW = 138.12 Da, LogKo/w = 1.58) in sebum for was reported to be 2.22 × 10
−11 m
2
/s 
(Valiveti and Lu, 2007). Additionally, in vitro literature studies have shown that sebum acted 
as the main penetration route for transdermal delivery for both hydrophilic and lipophilic 
chemicals (Bernard et al., 1997; Motwani et al., 2004, 2002). The above, alongside the fact 
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that hair it is a very dense material mainly comprised of keratin, support the argument that 
sebum is the main transport route of the follicular pathway.  
Based on the above assumption, the hair follicle anatomy is converted into a 2D domain of 
heterogeneous material, as illustrated in Figure 3.1 (b), upon which a mathematical model is 
developed. Figure 3.1 (b) shows the different compartments considered in the computer 
model, where follicular penetration is simplified to occur through the vertical sebum layer, 
and the hair follicle itself is impermeable. In addition, the skin near a certain hair follicle is 
considered to be symmetric with respect to the hair follicle, and thus only half of the anatomy 
around hair (the unshaded area in Figure 3.1 (b)) must be modelled. The dimensions (and 
density with respect to skin surface area) of the hair follicle in this model are specific to body 
sites and can be set by the user, accounting for the variability between sites on the human 
body, as reported in the literature (Robertson and Rees, 2010; Vogt et al., 2007). A 
demonstration study is presented in the next chapter where the procedures followed to obtain 
the follicular geometry for a specific body site are explained in detail. Figure 3.1 (b) also 
shows the additional skin compartments around the hair follicle which are needed for the 
integration of the follicular pathway with these compartments. The bricks-and-mortar 
structure of the stratum corneum can be seen at the top. The viable epidermis and dermis are 
modelled as homogeneous compartments; in the dermis compartment the systemic circulation 
is included as reported above.  
Certain simplifications were also necessary when modelling the hair follicle area. The 
sebaceous gland is not explicitly modelled and only the sebum excreted from the gland is 
considered. Explicitly modelling the sebaceous gland itself would not have any significant 
impact, apart from acting as a reservoir medium in the penetration process. Additionally, the 
bending of the stratum corneum in the hair follicle orifice, deep in the hair infundibulum 
(Paus and Cotsarelis, 1999), was initially considered and modelled as part of the follicular 
63 
 
area. Sensitivity simulations, carried out to quantify the impact of adding such detail into the 
model, revealed that the impact was only on the local penetration profile but had negligible 
effect on the overall transdermal permeation. Therefore, stratum corneum bending is not 
considered further. Moreover, the infundibulum of the hair is funnel –shaped. This means that 
the gap is bigger at the surface of the skin and decreases with depth. This was also initially 
considered in the current model but, following the same sensitivity testing as the bending 
characteristic, was later removed due to negligible impact.  
3.4 Partition and transport properties 
The equations used to estimate the partition and transport properties in the different 
compartments of this model have been previously analysed in the literature review chapter. 
Thus, this chapter will only summarise the selected equations. These equations will be 
repeated here (with updated indexing) to allow for ease of reading. The choice of the 
equations shown below was based on the range of 𝐾𝑜/𝑤 values that that were considered in 
order to formulate the equations, the number of data used and finally the correlation 
coefficient, 𝑅2.  
3.4.1 Vehicle properties 
Diffusion coefficient in vehicle is  calculated using the Stokes-Einstein equation (Einstein, 
1905): 
Dv =
KT
6πηrs
                                                              (3.40) 
The partition coefficient in the vehicle is calculated using the solubility of the chemical in 
water and the solubility of the chemical in the vehicle. If the vehicle is water then it is 
equivalent to 1. 
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The radius of the solute (Å) is estimated using the equation below based on the MW of the 
solute (Mitragotri et al., 1999):  
 rs =  √3 4⁄  × 0.9087 MW
3
                                                  (3.41) 
3.4.2 Lipid properties in the stratum corneum  
The diffusion coefficient in the SC lipid is related to the solute radius by the equation 
proposed by Mitragotri, (2002):  
Dlip = {
2 × 10−9 exp(−0.46 rs
2) ,         MW ≤ 380 Da
  3 × 10−13,                                    MW > 380 Da 
                           (3.42)               
The partition coefficient of lipid to water can be estimated using the equation below (Chen et 
al., 2015):  
Kl/w =
ρl
ρw
Ko/w
0.69                                                    (3.43) 
3.4.3 Corneocyte properties in the stratum corneum  
The solute diffusion coefficient in the SC corneocytes (Db) is estimated using the empirical 
equation proposed by Johnson et al., (1996) as explained previously:  
Db =
exp(−αSλ)
1+
rs
√k 
+
rs
2
3k
× Dw                                                      (3.44)                       
The hydraulic permeability, k is estimated from the correlation derived from Jackson and 
James, (1986) given as:  
 k = βrf
2 (1 − φ𝑏)
γ                                     (3.45) 
Where β and γ are fitting parameters and φ𝑏 is explained above. rf is the radius of the keratin 
microfibril (rf = 3.5 nm (Kasting et al., 2003)) 
65 
 
The partition coefficient of corneocyte to water is estimated using the following equation 
(Chen et al., 2008):  
 Kb/w = (1 − ϕb)Kk/w + φ𝑏                                           (3.46)                         
where Kkw is the solute binding constant to SC keratin and is estimated using the following 
reported equation (Wang et al., 2010):  
Kk/w =
ρk
ρw
 × 4.2 Ko/w
0.31                                               (3.47)              
where ρk = 1.37 g/cm
3 and ρw = 1 g/cm
3. In order to obtain this coefficient the user is 
required to enter the 𝐾𝑜/𝑤 of the chemical to be tested.  
3.4.4 Viable epidermis and dermis properties  
The partition coefficient is calculated from the following equation, proposed by Kretsos et al., 
(2008) and later modified by Ibrahim et al., (2012). 
 Kv = 0.7 × (0.68 +
0.32
fu
+ 0.025 fnonKo/w
0.7)                               (3.48)    
Where the three terms 0.68, 0.32/fu and 0.025 fnon account for the chemical disposition in 
albumin accessible aqueous phase. fnon is the fraction of solute non-ionized in the aqueous 
phase and  fu is the fraction of unbound (to albumin) solute.  
The diffusion coefficient is also based on the binding/partitioning properties of the dermis 
and is given from the equation below:  
Dv =
10−8.15−0.655 log MW
0.68+
0.32
fu
+0.025 fnonKm/w
                                          (3.49) 
The fraction of solute non-ionized in the aqueous phase fnon  can be calculated using the 
formulas shown in Equation 3.50  (Florence, 2011). The fraction of unbound (to albumin) 
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solute, fu  can be estimated using the proposed Equation 3.51 (Yamazaki and Kanaoka, 2004) 
which is not very reliable thus experimental values are preferred if available. 
fnon =  {   
1
1+ 10 7.4− 𝑝𝐾𝑎
,     𝑤𝑒𝑎𝑘 𝑎𝑐𝑖𝑑
1
1+ 10 𝑝𝐾𝑎−7.4
,       𝑤𝑒𝑎𝑘 𝑏𝑎𝑠𝑒 
                                              (3.50) 
fu =   {   
1 −  
0.5578∗exp(𝑙𝑜𝑔 𝑘𝑜/𝑤)+0.0188 
0.5578∗exp(𝑙𝑜𝑔 𝑘𝑜/𝑤)+1.0188
   , 𝑤𝑒𝑎𝑘 𝑎𝑐𝑖𝑑
1 −  
0.7936∗exp(𝑙𝑜𝑔 𝑘𝑜/𝑤)+0.2239 
0.7936∗exp(𝑙𝑜𝑔 𝑘𝑜/𝑤)+1.2239
 , 𝑤𝑒𝑎𝑘 𝑏𝑎𝑠𝑒 
                              (3.51) 
3.4.5  The sebum properties 
The equation for the partition coefficient (3.52) of a chemical in the sebum is unpublished 
work from China Agricultural University (Yang et al., 2017). The QSPR has been 
implemented after a series of standard equilibrium experiments conducted using artificial 
sebum. Artificial sebum has been proven as a suitable mimic for real sebum physiochemistry 
for the purpose of such studies (Lu et al., 2009). The predictive capability of the sebum 
partition model has been compared to the experimental data, showing very good agreement. 
The diffusion coefficient in sebum is calculated using the well-known Stokes–Einstein 
equation, which has been reported to be suitable to describe diffusion in the sebum medium 
(Mitragotri, 2003).  To date, no other model has been found to better describe the partition 
and transport parameters of the sebum.  
𝑙𝑜𝑔𝐾𝑠𝑤 =  𝑙𝑜𝑔 {𝑓𝑛𝑜𝑛 (
1+0.43×10𝑝𝐻−5.0
1+ 10𝑝𝐻−5.0
) + (1 − 𝑓𝑛𝑜𝑛) (
10𝑝𝐻−5.0
51.01+0.8×10𝑝𝐻−5.0
)} + 0.99 𝑙𝑜𝑔𝐾𝑜/𝑤 −
0.55                                                                                                                                     (3.52) 
In the above equation, 𝑝𝐻 is always 7.4. 
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3.5 Vehicle ingression and solute deposition due to unsaturated pores in SC 
Under in vivo condition of topical administration of a liquid vehicle, ingression of the vehicle 
due to unsaturated pores may occur. The top layers of the stratum corneum are unsaturated 
and can facilitate vehicle ingression. Such phenomena have been previously reported (Miller 
and Kasting, 2015) and suggest that the initial deposition of the vehicle occurred in the top 
10% of the stratum corneum. Another study suggested that some very early penetration of the 
vehicle into the stratum corneum occurs, leading to enhanced penetration of dissolved 
chemicals (Mélot et al., 2009). A three-dimensional porous media model has been developed 
to model vehicle ingression in the past (Marquez-Lago et al., 2010). The authors divided the 
stratum corneum in two domains: the pore space and the impermeable space, distinguished by 
their distinct conductive properties. An attempt has been made to integrate this attribute to the 
current model in a simpler manner. The vehicle ingression mechanism can be then switched 
on and off based on the user’s requirements.  
The phenomenon is modelled across the whole layer of the stratum corneum. The level of 
ingression is related to the hydration level of the SC.  The present approach was to fill the 
unsaturated stratum corneum capillary pores with the applied formulation. The process of 
capillary deposition is assumed to be sufficiently rapid compared to transdermal permeation. 
Another assumption is that the thickness of the stratum corneum does not change with 
varying hydration. This does not hold but is a compromise worth making in order to capture 
this phenomenon.  The water content at the very top layer of the stratum corneum is set to ca 
25% (Silva et al., 2007). The saturated amount of water used in this model is 55% and a 
linear increase of water content from top to bottom was also assumed (Chen et al., 2008). 
This corresponds to ca 30% of stratum corneum pores available at the very top of the stratum 
corneum (Figure 3.8).        
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Figure 3.8 Available pores for vehicle ingression and water content representation in the 
stratum corneum.     
Moving deeper into the SC the available pores are assumed to decrease linearly. The fraction 
available for initial deposition of the vehicle (and the solute in the vehicle) is calculated using 
the simple equation below:  
𝑓(𝑑) =  𝑓(0)(1 −  
𝑑
𝐻
)                                                     (3.53) 
Where f(d) is the fraction of pores available for capillary deposition at depth d, f(0) is the 
fraction available at the top, 𝐻 is the overall depth of the stratum corneum. The solute 
deposition is orders of magnitude faster than the diffusive permeation in the skin. Thus, this 
phenomenon is modelled as an initial condition.  Equation 3.53 sets the fraction of pores 
available for the vehicle to be deposited at different depths of the stratum corneum. Due to 
the heterogeneity of the stratum corneum, Equation 3.54 was used to distribute the solute in 
the vehicle by capillary deposition into different phases of lipids, water and keratin of the 
stratum corneum:     
 𝑓(𝑑) × 𝐶𝑖𝑛𝑖𝑡  = (1 −  𝑓(𝑑)) × 𝑓𝑙 × 𝐶𝑙[𝑑]   +  𝑓(𝑑) × 𝐶𝑤 + (1 −   𝑓(𝑑)) × 𝑓𝑐 × 𝐶𝑐[𝑑]      (3.54)   
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Where Cinit is the initial concentration of the chemical in vehicle, fl the volume fraction of 
the lipids in the stratum corneum,  Cl is the concentration of permeant in lipid, Cw the 
concentration of the chemical in cellular fluid, fc is the volume fraction of corneocytes in the 
stratum corneum, Cc is the concentration of the chemical bound to keratin. 
From the Equation 3.54 the concentration of the chemical in the water phase is estimated. 
Subsequently, using Equations 3.55 and 3.56 below at different depths, the concentration in 
lipids and corneocytes is calculated. 
𝐶𝑙 =  𝐾𝑙/𝑤𝐶𝑤                                                              (3.55) 
𝐶𝑐 = 𝐾𝑏/𝑤𝐶𝑤                                                              (3.56) 
where, Kl/w is the partition coefficient of lipid to water, Kb/w is the binding equilibrium 
coefficient of chemical to corneocytes. 
3.6 Model limitations 
Although the model is implemented to be predictive without the need of data fitting, the 
prediction capability is limited in accordance with the QSPRs used to obtain the 
thermodynamic and transport properties. Subsequently, the uncertainties in these QSPRs 
would propagate into uncertainties in model prediction. For the estimation of the partition 
coefficient of corneocytes to water, in the stratum corneum, the QSPR used has been 
formulated based on 15 chemicals with 𝑙𝑜𝑔𝐾𝑜/𝑤 values ranging from -0.9 to 4.48. The 
partition coefficient of more hydrophilic and more hydrophobic chemicals can also be 
estimated using the same QSPR but expectedly the prediction beyond this range will not be 
as accurate. This is the same for the QSPR used to estimate the lipid to water partition 
coefficient, the 𝑙𝑜𝑔𝐾𝑜/𝑤 values range from -0.18 to 4.48.  
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Additionally, the model is limited to predict well only for solutes up to 500Da. The QSPR 
model used to estimate the diffusion coefficient in lipid and corneocyte of the stratum 
corneum was based on an experimental set (Johnson et al., 1997) of 120 solutes with a range 
of MW values from 18 – 519 Da.  Another reason for this limitation is that, as the solute size 
approaches the 500 Da limit, its size is comparable to that of lipid molecules (ca. 480Da). 
Since the assumption when formulating the equation was that the solute moves in a stationary 
frame of lipid molecules, this may not be valid when the two sizes (solute and lipid) are 
comparable (Mitragotri, 2002). Furthermore, the initial analysis for obtaining the QSPR that 
calculates the partition coefficient in viable epidermis and dermis, was based on an 
experimentally obtained dataset of 26 chemicals ranging in MW from 18 – 476 Da (Ibrahim 
and Kasting, 2010; Kretsos et al., 2008). The simulations can run normally for bigger 
molecules but the prediction results must be critically analysed. 
The QSPR equation for fnon is not accurate for chemicals with more than one dissociation 
group. Thus, it is recommended that its use be avoided and that specialised software tools 
(e.g. ACD/labs) (Advanced Chemistry Development, Inc., Toronto, On, 2015) are used for 
the calculation of this parameter. Furthermore, the equation used to predict the fraction of 
solutes unbound to albumin, fu (Equation 3.51) suffers from restrictive predictability for non-
basic or neutral chemicals (Yamazaki and Kanaoka, 2004). It is suggested that Equation 3.51 
is avoided where possible. That is, for example, when an experimental value is available for 
the compound of interest. 
3.7 Model computation and implementation tools 
As explained in the previous sections of this chapter, the model has been made flexible to be 
used for different applications and body sites. This, results in variable computational 
complexity as, depending on the body site or the part of skin that is being simulated, the 
model will have a corresponding number of grids. For example when only considering the 
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stratum corneum in a simulation at the chest, there are 720 grids (and thus ODEs) but when 
the whole model is applied along with systemic circulation there are 1894 grids.   
The model was implemented in C++ mainly due to the object oriented capabilities (OOP) of 
the language. A better reusability and flexibility of the code can be achieved when using an 
OOP language. The model/code has been divided into: geometry initialisation, framework 
selection, partition and transport properties calculation and finally numerical integration. This 
allows the user to decide on the geometry, and subsequently the components that they wish to 
consider in the simulation prior to any calculations, thus saving computational power. For 
numerical integration of the ODEs, a commercial computational solver is. The computational 
solver used to numerically integrate the resulting ODEs was CVODE solver, a part of the 
SUNDIALS computational package (Hindmarsh et al., 2005). Figure 3.9 below illustrates the 
process described above in an analytical diagram. An integrated development environment 
(IDE) was also used to ease the debugging and overall implementation procedure. The IDE 
used was Visual Studio 2012.  
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Figure 3.9 Flow sheet diagram of the model 
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Chapter 4 
4 Model demonstration with an in vivo transdermal 
caffeine study  
4.1 Introduction 
The focus of this chapter is to demonstrate the model’s predictive capability by simulating an 
in vivo study of the topical application of caffeine on skin, in the presence or absence of hair 
follicle blocking (Otberg et al., 2008). Detailed information regarding the vehicle 
formulation, model geometry calculations and initial conditions is provided. Subsequently, 
the results of the simulations will be presented and compared to the in vivo study. A 
sensitivity analysis, conducted to explore the impact of parameter variability relating to 
sebum and other skin compartments, will also be presented. Detailed penetration profiles with 
open and blocked follicular pathway are presented followed by quantification of the impact 
that this pathway has on the skin penetration of caffeine. The in vivo study will also be used 
to demonstrate the capabilities of the model in terms of the variety of pharmacokinetic and 
bioavailability information it can provide.   
The study by Otberg et al. (2008) is the only (to the author’s best knowledge) in vivo study 
available in the open literature that provides quantitative information regarding the impact of 
the follicular pathway to the systemic circulation.  
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4.2 Model configuration 
The previous chapter detailed the methodology followed in order to implement this model. 
This section will focus on the procedures followed to apply the model in a specific scenario.  
In the present context, the model was applied to simulate the reported clinical study (Otberg 
et al., 2008) of topically applied caffeine to the human chest. In this experiment an ethanol 
and propylene glycol (30:70, v/v) solution containing 2.5% caffeine was applied to the chest 
of six healthy human volunteers in two different set-ups: before and after blocking of the hair 
follicles with a wax-mixture. The application area was 25 cm
2
 with a dose of 2 mg cm
-2
. In 
the clinical study, the solution was left to evaporate on the skin. As ethanol is known to 
evaporate within minutes whereas propylene glycol takes much longer (approx. 24 hours) 
(Kasting, 2001), in the simulation the vehicle was simplified to consist of only propylene 
glycol and caffeine. During the clinical experiments, blood samples were taken at different 
times. The measured concentration of caffeine in the plasma in the presence and absence of 
follicular blocking was reported in order to show the contribution of the follicular pathway to 
the overall transdermal penetration. This plasma concentration profile will be compared with 
model predictions. 
The input parameters used for simulation are listed in Table 4.1, where the physicochemical 
properties listed are used to calculate the partition and diffusion coefficients. The dimensions 
of skin including the hair follicle are chest-specific. Nonetheless, the geometrical inputs 
correspond to the average population.  Specifically, the stratum corneum thickness in the 
chest was set to 14 μm (Sandby-Møller et al., 2003). The viable epidermis thickness is set to 
100 μm and the dermis thickness to 1000 μm (Lee and Hwang, 2002). Regarding the 
follicular pathway, the vertical depth of the hair is set at 610.57 μm (Knorr et al., 2009). The 
vertical depth of the sebum is set at 410 μm, which is approximately the depth of the 
sebaceous glands in the skin (Zouboulis, 2004). The radius of hair in the thorax was reported 
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to be ca. 40 μm (Aboagye et al., 2014) and that of the hair follicle opening 50 μm (Otberg et 
al., 2004). This suggests that the lateral width of the sebum layer in Figure 3.1(b) is 10 μm, if 
it is assumed that sebum completely fills the space between hair and the follicular opening. 
Furthermore, Otberg et al., (2004) showed that the average area of follicular orifices on the 
thorax is 0.19 % of the skin surface. The direct representation of this ratio, using the actual 
diameter of the hair follicle, with a computer model would require a large simulation domain 
and computational power. Here, the width of the stratum corneum (and the viable epidermis 
and dermis beneath) is kept to three corneocytes width (i.e. 120 μm) to save computation 
expenses. Accordingly, the width of sebum is scaled down to 0.046 μm to meet the above 
ratio. (Detailed calculation is as follows: given the lateral width of stratum corneum of 120 
μm and the surface area ratio of 0.19%, the entire follicle opening radius is 0.19% ×
120/(1 − 0.19%) = 0.228 μm. Furthermore, it was found that the radius of hair on the chest 
is ca. 40 μm (Aboagye et al., 2014) and that of the hair follicle opening is 50 μm (Otberg et 
al., 2004), suggesting that the sebum annulus radius is 1/5 of the entire follicle opening. 
Therefore, in the scaled geometry the sebum annulus width is determined to be 
0.228/5=0.046 μm.) The dimensions of the hair follicle are summarised in Figure 4.1.  
Table 4.1 Model input parameters.       
 Parameter Value 
Caffeine Molecular weight  194.1906 Da 
 Octanol-water partition coefficient   0.85 
 Solubility in propylene glycol 28.9 g/l 
 Fraction of non-ionised solute  0.99 
 Fraction of unbound solute to albumin  0.63 
Vehicle Thickness 19.12 μm   
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*
 Value scaled down to match the reported ratio of surface area of hair follicle to that of skin; see text 
for details. 
 Initial caffeine concentration  37.35 g/l 
Stratum corneum Thickness 14 μm 
 Number of corneocyte layers  16 (chest) 
 Width of corneocytes 40 μm 
 Height of corneocytes  0.8 μm 
 Thickness of intercellular lipid  0.075 μm 
 Lateral spacing between corneocytes  0.075 μm 
Viable epidermis Thickness  100 μm 
Dermis Thickness 1000 μm 
Hair follicle Depth of HF 610.57 μm 
Sebum Sebum tube width 0.046 μm* 
 Sebum tube height 410 μm 
Blood Cardiac output  5.6 L min−1 
 Skin blood flow as fraction of cardiac output 5% 
 Caffeine clearance in blood 0.078  L h−1 kg−1 
Subject Weight  70kg 
 Application area 25 cm2 
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Figure 4.1 Hair follicle region geometry presenting the width of the hair and sebum layers. 
The numbers presented in the schematic are subjected to scaling. Detailed information is 
given in the text.    
The partition and diffusion coefficients of caffeine in various skin compartments were 
obtained from the established QSPR equations detailed in Chapter 3, using the 
physicochemical properties of caffeine given in Table 4.1. The partition and diffusion 
coefficients in the sebum were reported for certain chemicals but the QSPR models 
developed had substantial uncertainty in the prediction (Valiveti et al., 2008; Valiveti and Lu, 
2007). In the present study, the diffusion coefficient was calculated using the Stokes-Einstein 
equation; according to Mitragotri (Mitragotri, 2002) the diffusion coefficient in a medium is 
primarily determined by the MW of the chemical. The sebum:water partition coefficient of 
caffeine was obtained from a QSPR which resulted from standard equilibrium experiment 
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conducted at the China Agricultural University (Yang et al., 2017). The clearance rate of 
caffeine in the systemic circulation was based on the reported data for oral delivery 0.078 
𝐿 ℎ−1 𝑘𝑔−1 (Brachtel and Richter, 1992). The vehicle:water partition coefficient is estimated 
to be 0.87 from the solubility of caffeine in the vehicle over that in water (Dancik et al., 
2013). The diffusion coefficient of caffeine in the vehicle was estimated to be  9.16 × 10−10 
m2 s−1  using the Stokes-Einstein equation (Equation 3.32). The temperature used was 309 K 
and the viscosity 0.042 𝑘𝑔 𝑚−1 𝑠−1. Table 4.2 summarises the diffusion and partition 
properties of caffeine in different compartments. 
Table 4.2 Diffusion and partition properties of caffeine in different compartments     
  
Skin compartment Diffusion coefficient 
(𝐦𝟐𝐬−𝟏) 
Partition coefficient with 
respect to water 
Vehicle 9.16 × 10−10                       0.87 
Lipid 7.62 × 10−12                       0.80 
Corneocytes 3.95 × 10−15                       2.56 
Sebum 1.30 × 10−11                       0.10 
Viable epidermis & 
Dermis 
1.85 × 10−10                       0.84 
 
4.3 Results and discussion 
The predicted plasma concentration of caffeine is shown in Figure 4.2 (blocked hair follicle) 
and Figure 4.3 (open hair follicle) in comparison to the published experimental data (Otberg 
et al., 2008). The range of the concentrations was obtained from six subjects and reflected 
significant inter-subject variability.  In both cases, the model prediction appears to be in good 
agreement with the in vivo data. The model was not fitted to this data.  
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Figure 4.2 Comparison of the predicted plasma concentration of caffeine with published 
clinical data. In vivo data were obtained with blood samples taken from six human volunteers 
with blocked hair follicles (HF) (Otberg et al., 2008). 
 
Figure 4.3 Comparison of the predicted plasma concentration of caffeine with published 
clinical data. In vivo data were obtained with blood samples taken from six human volunteers 
with open hair follicles (HF)  (Otberg et al., 2008).      
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From Figures 4.2 and 4.3 it can be seen that the plasma concentration of caffeine shortly after 
application is not well predicted by the model. This is proposed to be attributed to two 
factors. The first is that the model does not take into account the penetration-enhancing effect 
of ethanol and propylene glycol. The second factor is the ingression of the vehicle due to the 
occurrence of unsaturated pores in the stratum corneum (Miller and Kasting, 2015). Vehicle 
ingression has been reported to enhance the penetration of dissolved chemicals (Mélot et al., 
2009). In order to improve the prediction accuracy of the model, vehicle ingression and solute 
deposition due to unsaturated pores in the SC were considered. The mechanism of this 
approach was explained in Chapter 3. Figures 4.4 and 4.5 illustrate the effect of the vehicle 
ingression mechanism on the plasma concentration of caffeine. By considering vehicle 
ingression in the simulations, model prediction shortly after application was marginally 
improved.       
  
Figure 4.4 Predicted plasma concentration of caffeine for blocked (a) and open (b) HF when 
the vehicle ingression is considered and when not for 1 hour after application. 
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Subsequently, a sensitivity analysis was conducted to explore the impact of parameter 
variability relating to sebum and to other skin compartments. A 30% variability of the 
investigated parameters was selected as a realistic approximation of real-life situations. Only 
the most impactful components’ parameters were subjected to 30% variability; the sebum, 
lipid and corneocyte properties. Figure 4.5 shows the predicted systemic kinetics profiles 
when the diffusion and partition coefficient in sebum as well as the sebum width are 
subjected to variation.  
 
Figure 4.5 Sensitivity analysis with respect to the sebum’s diffusion coefficient (a), partition 
coefficient with respect to water (b) and sebum’s lateral width (c).   
      (a)                                                                                  (b) 
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It is evident that decreasing (increasing) the diffusion coefficient results in slower (faster) 
penetration of caffeine into the blood, since the penetration through the follicular pathway 
becomes slower (faster). A similar effect was observed when subjecting the partition 
coefficient (Figure 4.5b) and sebum width (Figure 4.5c) to a similar extent of variability.  
Figure 4.6  Sensitivity analyses for the lipid’s diffusion coefficient (a) and partition 
coefficient with respect to water (b).   
A similar effect to that of the sebum’s properties is observed when varying the lipid 
properties by the same extent. When the diffusion and partition properties were reduced by 
30%, caffeine uptake by the blood vessels was decreased; the opposite effect was observed 
when these properties were increased by the same percentage.   
Corneocyte properties, when varied, have shown slightly different behaviour than sebum and 
lipid. The reason for this is that corneocytes account for ca. 80% of the stratum corneum’s 
overall volume. When their diffusion coefficient is varied by 30%, the effect on caffeine 
penetration is more substantial than when the lipid’s diffusion coefficient was varied by the 
same extent. The corneocyte partition properties demonstrated the least impact when varied. 
This can be attributed to the corneocyte partition coefficient in water for caffeine, which is 
 (a)                                                                                  (b) 
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significantly higher than that of other compartments whose partition coefficients also lie 
within close ranges (apart from sebum). As the partition coefficient of corneocytes is high, 
the ratio of the corneocyte partition coefficient to the partition coefficients of other 
compartments will remain high despite an increase or decrease of 30%. Thus, there is no 
significant impact when varying the corneocytes partition coefficient to water.   
Figure 4.7 Sensitivity analyses of the corneocytes’ diffusion coefficient (a) and partition 
coefficient with respect to water (b).   
Figure 4.8 illustrates the predicted kinetics of caffeine absorbed from the vehicle (Figure 
4.8(a)), caffeine disposition in skin (Figure 4.8 (b), all skin compartments except blood), and 
delivery into the systemic circulation (Figure 4.8(c)), in terms of the percentage of the total 
dose applied for open and blocked hair follicles. Caffeine is mildly hydrophilic and thus its 
partitioning into oily sebum is substantially lower than its partitioning into either lipid or 
corneocytes in the stratum corneum (c.f. Table 4.2). However, the diffusion coefficient in 
sebum is more than 10 times higher than that in lipid (and several orders of magnitude higher 
than that in corneocytes). As a result, the overall effect of the follicular pathway is 
significant. It can be seen from Figure 4.8(a) that when hair follicles are open, a greater and 
 (a)                                                                                      (b) 
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 (c) 
more rapid uptake of caffeine by the skin is observed. Figure 4.8(b) shows that, due to the 
additional follicular pathway that bypasses the stratum corneum to reach the viable epidermis 
and dermis, caffeine resides in the skin for a shorter time, with a greater and more rapid 
delivery to the blood (Figure 4.8(c)), when compared to the scenario in which the hair 
follicles are blocked.  
 
 
 
 
 
 
 
Figure 4.8 Predicted kinetics of transdermal delivery of caffeine with open and blocked hair 
follicles. (a) Caffeine permeated into the skin (b) caffeine disposited in the skin and (c) 
caffeine delivered to systemic circulation. 
        (a)                                                               (b) 
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In Table 4.3 the relative contribution of the follicular pathway to the delivery of caffeine to 
the systemic circulation, as predicted by the model, is quantified in terms of the maximum 
plasma concentration (Cmax), the time to reach Cmax (Tmax) and the area under curve (AUC). 
The AUC represents the overall systemic bioavailability of dermal exposure for a given time. 
These values clearly show that hair follicles contribute significantly to the overall transdermal 
permeation, particularly at the early stage of application. Specifically, the AUC in the 
systemic circulation one hour after application is substantially higher when hair follicles are 
open (0.86 ng h mL
-1
) than when hair follicles are blocked (0.1 ng h mL
-1
), with a percentage 
difference of 88%. The percentage change was calculated by estimating the difference 
between the two values of interest, then dividing the difference by the reference value (in this 
case Open HF readings) and then multiplying the answer by 100.  Even at 10 hours post 
application, the percentage difference of the AUC between blocked and open hair follicles is 
still significant, at 21%. The difference in Cmax and Tmax is also significant. It is worth noting 
that the predicted difference also showed strong agreement with the clinical study (Otberg et 
al., 2008). These results highlight the importance of hair follicles for the bioavailability of 
caffeine in the skin and systemic circulation after dermal exposure. 
Table 4.3 Predicted systemic kinetics following topical delivery of caffeine with open and 
blocked hair follicles (HF). Percentage change = (Open HF – Blocked HF)/(Open HF). 
 𝐂𝐦𝐚𝐱 (ng 𝐦𝐋
−𝟏) 𝐓𝐦𝐚𝐱 (h) AUC (1 hr) 
(ng h 𝐦𝐋−𝟏) 
AUC (10 hr) 
(ng h 𝐦𝐋−𝟏) 
Open HF 12.57  4.00 0.86  97.31 
Blocked HF 10.07  5.00  0.10  77.12  
Percentage change 20% -25% 88% 21% 
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Figure 4.9 presents the detailed 2D disposition of caffeine in the stratum corneum predicted 
by the model at different time intervals following caffeine application. The two sections of 
the figure represent the simulations in which the follicular pathway was open (a-c) and 
blocked (d-e). The concentration profiles clearly show the contribution of the follicular 
pathway to the permeation process. Caffeine concentration in the corneocytes is visibly 
higher than in the lipid, due to the high level of binding of caffeine in the corneocytes 
compared to any other compartment (Table 4.2). At early times points (e.g. up to 20 min), the 
concentration profiles are noticeably different, with the follicular route being of significant 
importance in penetration. 
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Figure 4.9 Subcellular disposition of caffeine in the stratum corneum of the skin with open 
(a, b, c) and blocked (d, e, f) hair follicles (HF) at 5 min (a, d), 20 min (b, e) and 1 hr (c, f) 
after application. 
(a) (d) 
(b) (e) 
(c) (f) 
88 
 
Due to the relatively low partition coefficient in sebum, the disposition of caffeine in sebum 
is not apparent in Figure 4.9 (a-c). In Figure 4.10, the concentration profile in sebum is 
rescaled and shown for different times. As can be seen from this figure, high concentrations 
are observed during the early stages after application whereas the caffeine concentration in 
the sebum decreases with increasing time from application. Along with the overall 
penetration profile illustrated in Figures 4.10, this suggests that the impact of the follicular 
pathway on caffeine delivery is more significant at the early stages following application. 
This observation from the model prediction agrees with experimental studies in the literature, 
e.g. (Liu et al., 2011; Otberg et al., 2008). 
 
Figure 4.10 Disposition of caffeine in the sebum layer when hair follicles are open; (a) t = 5 
min; (b) t = 20 min; (c) t = 1 hr; (d) t = 10 hr.    
 
 
(a) (b) (c) (d) 
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Table 4.4 Percentage of caffeine present at all compartments at different times 
Skin Compartment 1 hour (%) 3 hours (%) 5 hours (%) 10 hours (%) 
      Vehicle Open HF 63.00 48.20 40.50 27.50 
  Blocked HF 64.30 49.70 42.20 29.70 
Corneocytes Open HF 35.20 41.60 37.70 26.1 
  Blocked HF 34.30 41.90 38.90 28.00 
Lipids Open HF 1.10 1.30 1.20 0.82 
  Blocked HF 1.10 1.30 1.20 0.89 
VE Open HF 0.02 0.07 0.07 0.05 
  Blocked HF 0.01 0.06 0.07 0.05 
Dermis Open HF 1× 10−3 4× 10−3 5× 10−3 3× 10−3 
  Blocked HF 9× 10−4 4× 10−3 5× 10−3 3× 10−3 
Sebum Open HF 1× 10−3 1× 10−3 9× 10−4 6× 10−4 
  Blocked HF 0 0 0 0 
Blood Open HF 0.31 2.56 3.00 2.20 
  Blocked HF 0.17 2.18 2.74 2.10 
Cleared Open HF 0.15 6.10 17.40 43.00 
  Blocked HF 0.07 4.70 14.80 39.00 
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As is seen in Table 4.4, the impact of the follicular pathway (in terms of percentage of the 
total dose) is not substantial when each compartment is examined individually. The amount 
of caffeine absorbed from each compartment is directly proportional to the transport and 
partition properties as well as the volume of the compartment. Corneocytes have the highest 
partition coefficient of all compartments (Table 4.3) accounting for ca. 80% of the volume of 
the stratum corneum and thus are able to absorb the majority of the caffeine. Additionally, 
Table 4.4 confirms the more significant impact of the follicular pathway on the 
bioavailability of caffeine at early time points after application. At one hour after application 
45% more caffeine is present in the systemic circulation when the hair follicle is open, a 
value which decreases to 4.5% after ten hours.   
4.4 Summary 
This chapter demonstrates the use of the new in silico model for transdermal permeation and 
systemic bioavailability with the integration of the follicular pathway. The multi-scale model 
considers the important molecular and microscopic principles involved in skin permeation 
and systemic absorption. To the best of author’s knowledge, this is the first model in the open 
literature that has the capability to offer such quantitative prediction of the three major 
pathways (intercellular, intracellular and follicular) of transdermal permeation.  The 
prediction of the disposition of chemicals in various skin compartments enhances our 
understanding of the local pharmaco-/toxico-kinetics after skin exposure for assessing 
efficacy and toxicity. This model could provide improved in silico screening for 
pharmaceuticals and industrial chemicals and can be a valuable tool in extrapolating from in 
vitro experiments to in vivo exposure conditions - a key method of reducing the reliance on 
animal models.  
Good agreement between the model prediction and clinical data has been obtained. The 
simulation confirms that, for caffeine, the follicular route is important; the maximum 
91 
 
bioavailable concentration of caffeine in the systemic circulation when hair follicles are open 
is predicted to be 20% higher than that when hair follicles are blocked. This suggests that the 
follicular pathway contributes not only to short time fast penetration, but also to the overall 
systemic bioavailability. Further model validation is required in order to assess the model’s 
competence, with respect to the role of the follicular pathway in dermal absorption, across a 
wider chemical space and in different exposure scenarios. Relevant studies will be presented 
in the following chapter. 
 
 
 
 
 
 
 
 
 
 
 
 
92 
 
Chapter 5 
5 Model comparison with transdermal penetration 
studies focused on the follicular pathway impact 
5.1 Introduction  
Following the comparison study between the in silico model and an in vivo transdermal 
caffeine study (Otberg et al., 2008) detailed in Chapter 4, further model validation was 
required across a wider range of chemicals and exposure scenarios.  
One additional human in vivo quantitative study was identified as suitable for the validation 
of the in silico model’s predictive capabilities. This study consists of a small amount of 
quantitative information regarding the accumulation of the tested chemical in the region of 
the hair follicle at three different time points (Teichmann et al., 2005). The comparison study 
between the in silico model and the in vivo study is presented in this chapter. 
As a result of the limited literature available, the model was further compared to follicle 
specific studies, regardless of the origin of the skin samples used. A quantitative comparison 
was made wherever possible. Alternatively, qualitative comparisons were made in cases 
where quantitative data was not available. Seventeen hair follicle specific studies were 
identified in the literature. As the current model focuses on human skin, the model was only 
qualitatively compared to studies which utilised animal skin samples. Additional follicle 
specific studies were identified in the literature but excluded from this work (Bamba and 
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Wepierre, 1993; Dokka et al., 2005; Lauer et al., 1997; Lieb et al., 1997) as they utilised 
chemicals beyond the chemical space that the present model is able to simulate. 
The first section of this chapter details the methodology followed to conduct the comparative 
studies presented. The second section details the results of the comparison between the model 
and the human skin studies, including a detailed comparison of quantitative information 
regarding the impact of the follicular pathway. The third section is supplementary to the 
second and presents a qualitative comparison between the model and experimental studies 
that used animal skin as a surrogate.   
The studies examined were conducted on various sites of the body, which differ with respect 
to characteristics such as skin thickness and hair follicle density (Hancewicz, 2012; Laurent 
et al., 2007; Sandby-Møller et al., 2003; Vogt et al., 2007). As a result, the relevant body sites 
were taken into account during model simulation.  Moreover, both in vivo and in vitro studies 
were examined, hence the model was adapted to accommodate for these differing 
experimental setups.  
5.2 Methodology  
As previously mentioned, the model was directly compared to studies in which quantitative 
information was available. In cases where the experimental information provided was either 
verbal or in imaging form, it was only possible to conduct a qualitative comparison between 
the model and the studies. Animal studies were only qualitatively compared to the current 
model. Additionally, due to a lack of data, it was not possible to conduct direct quantitative 
measurements in several cases.   
To account for the different body sites considered between the studies, the skin layers’ 
thickness and hair follicle geometry were altered according to the values provided in Table 
5.1. The majority of the values provided are subjected to some variability (approx. 30%). In 
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the cases were the variability of the results was presented the average thickness was used. For 
comparison with in vivo studies, the model framework used was the default framework 
illustrated in Figure 3.5. In general, in vitro penetration experiments are not conducted using 
all the skin layers. Therefore, when comparing to such experiments, the model framework 
corresponding to the skin layers present was utilised. Figure 5.1 shows the different 
configurations that were used. 
Table 5.1 Model geometrical input parameters for different body sites. Obtained from 
(Aboagye et al., 2014; Y. Grams and Bouwstra, 2002; Lee and Hwang, 2002; Otberg et al., 
2004; Sandby-Møller et al., 2003; Tsugita et al., 2013).   
Site SC 
thickness 
(μm)  
Viable 
epidermis 
Thickness 
(μm) 
Dermis 
thickness  
(μm) 
Hair 
radius 
(μm) 
Follicular 
orifices on 
skin surface 
(%) 
Hair orifice 
radius (μm) 
Chest 14.80      98.5      1337   40  0.19  50  
Forearm 12.98    102.1    1077   32  0.09 40  
Abdomen 14.52    79.4      1248  40  0.19 50  
Scalp 14.36    93.6      788    15  1.28  30  
Back 14.39    76.8      1941  40  0.33  52  
Thigh 12.28    94.8      1217  55  0.23  65  
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            (a)                                             (b)                                            (c) 
 
 
 
An additional limitation arises as certain experimental studies did not report the quantitative 
information required to be input into the model. In these cases, the model was run with the 
configuration shown in Table 5.2. The chemicals used in all studies were known. The model 
was run with the back as the body site of application, as this site is considered to be an 
accurate average compared to the geometry of other body sites (Table 5.1). The values 
provided in Table 5.1 were only used in cases where the equivalent value was not provided in 
the study under evaluation. Additionally, in cases were the maximum solubility of the solute 
in the vehicle was less than 1 g/l, the initial concentration was altered to equate to the 
solubility value. This alteration was made in order to avoid obtaining a supersaturated 
vehicle.  
 
 
Figure 5.1 Model frameworks used for simulating in vitro studies. (a) Full thickness skin 
model with sink conditions, (b) SC-VE model with sink conditions, (c) SC model with sink 
conditions. Sink conditions can be also switched to a receptor. 
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Table 5.2 Default model configuration 
Input parameter  Default configuration 
Body site Back 
Model framework  Figure 5.1(a) 
Initial concentration 1 mg/ml 
Application area  1cm
2
 
Vehicle thickness  100 μm 
 
The same calculation was carried out for all human skin studies examined in this chapter, 
regardless of whether a qualitative or quantitative comparison was performed. That is, the 
percentage change of the amount of a chemical absorbed by the skin from a simulation with 
open hair follicles (𝑆𝐴(𝑜𝑝𝑒𝑛)) and the amount absorbed from a simulation with blocked hair 
follicles (𝑆𝐴(𝑏𝑙𝑜𝑐𝑘𝑒𝑑) ) for 1, 6 and 12 hours after application (Equation 5.1).   
𝐹𝑜𝑙𝑙𝑖𝑐𝑢𝑙𝑎𝑟 𝑐𝑜𝑛𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 (%) =  (
𝑆𝐴(𝑜𝑝𝑒𝑛)− 𝑆𝐴(𝑏𝑙𝑜𝑐𝑘𝑒𝑑) 
𝑆𝐴(𝑜𝑝𝑒𝑛)
) × 100                   (5.1) 
This follicular contribution was quantified using the above equation for all experimental 
setups, regardless of whether studies are in vivo or in vitro, for any of the model 
configurations used.  
For each of the human skin studies analysed, a table is provided in order to summarise the 
model input parameters. An additional table will provide the follicular contribution as 
calculated by Equation 5.1 for the specified time points. Subsequently, based on any 
additional information provided in the experimental studies, further means of comparison will 
be presented, where possible. The decision process followed in order to determine whether a 
quantitative or qualitative comparison should be conducted is presented in Figure 5.2.  
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Figure 5.2 Decision process followed to determine method of comparison for all studies. 
Following each comparison, the agreement between the model and the experimental study is 
classified as good or poor. Good model agreement denotes that the model has either 
qualitatively or quantitatively reproduced the conclusions of the study. Poor model agreement 
indicates that, when simulated against the equivalent experiment, the model would result in 
different conclusions than those of the experimental study.  
5.3 Model comparison against transdermal human studies 
The studies are summarised in Table 5.3. These are ordered in terms of the relevance of the 
skin sample to the model; in vivo, ex vivo, and in vitro. The table also provides a brief guide 
to the studies’ candidate chemicals and main findings, and to the performance of the model 
when compared to each study. Details regarding each study and the model comparison 
outcomes are presented below.     
98 
 
Table 5.3 Summary of hair follicle specific studies conducted on human volunteers or human skin samples. 
Study 
No. 
Reference Skin sample Chemical Main findings Model agreement 
Name MW 
(Da) 
𝐥𝐨𝐠 𝑲𝒐𝒘 
- (Otberg et al., 2008) In vivo/ chest Caffeine 194 -0.07 HF contributes to caffeine 
penetration especially at early 
times after application 
 
Good (Quantitative) 
1 (Teichmann et al., 2005) In vivo/ back 
 
Sodium 
fluorescein (SF) 
376 
 
-0.61 
 
Quantified amount of SF in 
follicular cast at different times 
after application 
 
Good (Quantitative) 
2 (Teichmann et al., 2007) In vivo/ 
forearm 
Curcumin 368 3.30 Chemical penetrates the skin 
primarily through lipid and 
follicular pathway 
 
Good (Qualitative) 
 
3 (Schwartz et al., 2011) In vivo/ scalp   Zinc pyrithione 
(ZPT) 
 
317 0.90 High level of ZPT was detected 
in HF 
Good (Qualitative) 
 
4 (Ossadnik et al., 2007) In vivo/ 
forearm 
 
Brilliant green 
solution  
 
 482 2.02 Brilliant green had penetrated 
into the hair follicles 
Good (Qualitative) 
 
5 (Grams and Bouwstra, 
2002) 
Ex vivo / scalp Bodipy FLc5 
Bodipy 
564/570C5 
Oregon Green 
488 
 
320 
463 
509 
1.20 
3.00 
-2.50 
Accumulation of Bodipy FLc5 
and Bodipy 564/570 C5 but not 
Oregon Green 488 in follicular 
area.  
Good (Qualitative) 
6 (Chandrasekaran et al., 
2016) 
In vitro / 
abdomen 
Magnesium 23 -1.10 Quantified the  impact of 
magnesium penetration  
Good (Qualitative) 
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7 (Genina et al., 2002) In vivo and in 
vitro / forearm 
and lower leg 
Dye Indigo 
Carmine (IG) 
Dye Indocyanine 
Green (ICG) 
 
466 
 
775 
3.72   
 
-0.29 
Overall the mean depth of dye 
penetration was larger in 
telogen than catagen hairs for 
ICG, IG 
Good (Qualitative) 
8 (Frum et al., 2007) In vitro/ 
abdomen 
Estradiol 
corticosterone 
hydrocortisone 
aldosterone 
cimetidine 
deoxyadenosine 
adenosine 
 
272 
346 
362 
360 
252 
251 
267 
2.29 
1.94 
1.60 
1.08 
0.40 
-0.55 
-1.05 
 
The follicular pathway has a 
higher impact on the 
penetration of hydrophilic 
chemicals into the skin  
Poor (Quantitative) 
9 (Ogiso et al., 2002) In vitro / scalp, 
abdomen 
 
Ketoprofen (KP) 
Melatonin (MT) 
Fluorouracil 
(5FU) 
 
254 
232 
130 
3.12 
1.18 
-0.89 
Penetration of MT and 5FU 
much greater through scalp skin 
than abdominal. Chemicals 
penetrated through sebum 
pathway.  
 
Good (Qualitative) 
 
10 (Essa et al., 2002) In vitro/ 
abdomen 
Estradiol 
Mannitol 
Liposomes  
272 
182 
2.29 
-2.47 
The follicular route had a 
greater impact for hydrophilic 
molecules than lipophilic  
Poor (Qualitatively) 
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Study 1 (Teichmann et al., 2005): Amount of topically applied substances 
penetrated into the hair follicle 
Teichmann et al. (2005) conducted a study to provide quantitative information on the amount 
of a topically applied substance that penetrated into the hair follicles. The study was divided 
into three parts. The first part of the study was conducted in vitro on pig ear skin, consisting 
of only imaging results. The second part was conducted to determine the number of tape 
strips required to completely remove the chemical from the stratum corneum. The third part 
of the study, on which the in silico model comparison will focus, was conducted on human 
volunteers with the aim of quantifying the amount of sodium fluorescein that penetrates into 
the hair follicle.  
Tape stripping and cyanoacrylate surface biopsy techniques were utilised to quantify the 
amount of a topically applied chemical that penetrated into the hair infundibula on the back 
of 8 human volunteers (mean age: 23.1 ± 2.7 years). The back was washed and dried prior to 
the experiment, and the defined application area was 5cm x 12 cm. 2 mg/cm
2
 of the 
formulation containing 2% of the dye (sodium fluorescein) was applied. The tape stripping 
procedure was performed at different penetration times. Subsequently, cyanoacrylate surface 
biopsies were performed, in which a glue covered strip was used to remove the follicular 
casts and surrounding corneocytes. Laser scanning microscopy was then used to analyse the 
samples. It was reported that 30 minutes after application 3% ± 0.5% of the total dose 
initially applied was present in the hair infundibulum, 51% ± 7.5% of the total dose was 
recovered from the corneocytes and the remaining amount was absorbed by the skin. The 
amount recovered from the follicular casts was also quantified at 24 and 48 hours after 
application. It was stated that: “For more lipophilic substances, the penetration rate into the 
hair follicles will be presumably enlarged”. This was investigated in Study 2 (see below) 
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where the same authors examined the penetration of the lipophilic chemical curcumin in the 
hair follicle (Teichmann et al., 2007).  
Model comparison   
As the required exposure information is provided, it was possible to adjust the model 
configuration to the specific experimental study. Table 5.4 summarises the calculated input 
parameters. 
Table 5.4 Model configuration for comparison with (Teichmann et al., 2005) 
Framework Body site Application 
area 
Initial 
concentration 
Vehicle 
thickness 
Full thickness 
skin with 
systemic 
circulation 
 
Back 
 
60 cm
2
 
 
20.15 mg/ml 
 
19.8 μm 
 
The authors quantified the amount of sodium fluorescein found in the follicular cast 
following cyanoacrylate surface biopsy. The removed cast consisted of the whole hair follicle 
along with a portion of the attached stratum corneum. A fluorescence image of the 
cyanoacrylate surface biopsy presented in the study was used in order to estimate the 
geometrical values of the follicular cast and thus much the authors’ calculation approach. 
From the image, it was possible to measure the circumference of the cast. Subsequently, by 
knowing the approximate radius of the hair on the human back (ca. 40 μm), the portion of the 
stratum corneum that was attached to the hair shaft was estimated and accounted for in the 
simulations. The model predictions, along with the experimental results, are presented in 
Table 5.5 in terms of the percentage of recovered sodium fluorescein in the follicular cast at 
30 minutes, 24 hours and 48 hours after application.  
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Table 5.5 Sodium fluorescein recovered from follicular casts in experimental study and 
simulated results for follicular cast and hair follicle. 
Time Teichmann et al. Model simulation  
Follicular cast Hair follicle  
30 minutes 3.00%  ± 0.50% 1.72% 0.0010% 
24 hours 0.60%  ± 0.05% 0.65% 0.0007% 
48 hours 0.20%  ± 0.07% 0.32% 0.0004% 
     
It appears that the model is in good quantitative agreement with the experimental results. 
Both the simulated and experimentally recovered rate of sodium fluorescein decreased 
continuously over time. Additionally, in both cases, the hair follicle was shown to act as a 
reservoir for the chemical. The final column in Table 5.5 indicates that the recovered dose of 
the chemical in the follicle alone was much lower than that recovered from the follicular cast 
biopsy. This result is expected as the follicles’ surrounding keratinocytes cannot be 
completely removed in a biopsy, whereas the in silico calculations have a higher degree of 
selectivity. Table 5.6 presents these results at 1, 6 and 12 hours after application.  
Table 5.6 Follicular contribution (%) as simulated by the model for investigated chemicals in 
(Teichmann et al., 2005). 
 
Chemical Follicular contribution  
1h  6h  12h 
 
Sodium fluorescein 
 
3% 
 
 
1.5% 
 
0.9% 
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The follicular pathway was shown to contribute to the overall penetration of sodium 
fluorescein, particularly at early time points after application. Similar trends were also 
observed in the previous chapter, where caffeine, a relatively hydrophilic chemical, was 
investigated. Results obtained from the model for both sodium fluorescein and caffeine agree 
with literature studies that examined the penetration of hydrophilic chemicals in the hair 
follicles (Liu et al., 2011; Otberg et al., 2008). In conclusion, agreement between the model 
and the experimental results of the study is regarded as good. 
Study 2 (Teichmann et al., 2007): Comparison of stratum corneum 
penetration and localisation of a lipophilic model drug   
Teichmann et al. (2007) investigated the stratum corneum penetration and localisation of the 
lipophilic compound curcumin in an oil-in-water (o/w) microemulsion and an amphiphilic 
cream.  The study was performed on the flexor forearms of six healthy volunteers (mean age: 
24.7 ± 3.8 years). 0.5% w/w of curcumin was incorporated in an amphiphilic cream in an o/w 
microemulsion. The study was performed under controlled conditions of constant 
temperature and humidity, and both formulations were tested on each volunteer on the same 
day. A silicone barrier was applied around the application area of 30cm
2
 to avoid lateral 
spreading of the formulations. Tape stripping was performed one hour after application.   
Subsequently, UV/VIS spectroscopic measurements were performed using a double beam 
spectrometer and cyanoacrylate surface biopsies were performed on the tested skin areas to 
investigate follicular accumulation. Laser scanning microscopy was consequently used to 
investigate the distribution of curcumin on the tape strips and in the follicular casts.  The 
recovery rates of the fluorescein dye curcumin were calculated as a ratio of the amount of 
substance recovered on tape strips to the amount of substance applied within the application 
area. With regard to the follicular casts, the results indicated the disposition of both 
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formulations in the hair follicle region.  The o/w microemulsion formulation penetrated 
further down the length of the follicular casts to the complete hair infundibula. In cases where 
the amphiphilic cream was used, curcumin was found in the furrows and in the hair orifices. 
The authors concluded that, as indicated by microscopic observation, lipid layers and hair 
follicles appear to be the preferred pathways for penetration of curcumin. 
Model comparison  
As the required exposure information is provided in the study, the model configuration was 
adjusted accordingly. Table 5.7 summarises the calculated input parameters. 
Table 5.7 Model configuration for comparison with (Teichmann et al., 2007). 
Framework Body site Application 
area 
Initial 
concentration 
Vehicle 
thickness 
Full thickness 
skin with 
systemic 
circulation 
 
Forearm 
 
30 cm
2
 
 
5 mg/ml 
 
20 μm 
 
The study did not consist of quantitative results, and was subsequently compared 
qualitatively to the model. Further, as the model is unable to account for the emulsions or the 
complicated formulation of the amphiphilic cream used in the study, water was selected as 
the vehicle for the present simulation.  
The conclusion of the experimental study, i.e. lipids and follicles appeared to be the preferred 
pathway for the penetration of curcumin, was used as a measure of comparison between the 
study and the model. Figure 5.3 illustrates the subcellular disposition of curcumin at 30 
minutes and 24 hours after application as predicted by the model, which is in agreement with 
the conclusion of the experiment.   
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Figure 5.3 Subcellular disposition of curcumin in the stratum corneum and viable epidermis 
of the skin at 30 minutes (left) and 24 hours (right) after application.   
Additionally, Table 5.8 provides the follicular contribution at different times after application 
of curcumin. The follicular pathway has a greater impact for the penetration of curcumin than 
that previously determined for sodium fluorescein (Table 5.6). The impact appears to increase 
with time for curcumin, whereas it decreases with time for sodium fluorescein (Table 5.6).  
Table 5.8 Follicular contribution (%)as simulated by the model for investigated chemicals in 
(Teichmann et al., 2007) 
 
From the studies, Teichmann et al. concluded that increased penetration rates into the hair 
follicle are expected for more lipophilic substances (Teichmann et al., 2005). This was also 
observed from the model simulations. In particular, the model demonstrated good qualitative 
agreement with Study 2. 
Chemical Follicular contribution 
1h  6h  12h 
 
Curcumin 
 
69% 
 
 
81% 
 
82% 
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Study 3 (Schwartz et al., 2011): The role of the scalp follicular 
infundibulum in effective dermatitis treatment strategies 
Schwartz et al. (2011) investigated the penetration of ZPT from commercial shampoo 
products into the hair infundibula. The hair on the scalp of human volunteers was washed 
with multiple ZPT-containing shampoo formulations and three methods were used to assess 
the delivery of ZPT into the hair infundibula. The first method involved follicular plucking 
followed by chemical quantification of the amount of the applied substance detected in the 
hair. Five different shampoo formulations were used in this analysis. The results indicated 
that a sufficient amount of ZPT (0.6ng) was delivered into the hair. The second method 
utilised cyanoacrylate infundibular biopsies followed by chemical quantification of extracted 
ZPT. This is a common method for quantification of follicle content and has previously been 
described in this chapter. Analysis with the second method yielded a 37.5-fold increase in the 
amount of ZPT found per hair (22.5ng per hair) following identical treatment conditions. The 
final method used was confocal microscopy of infundibular spaces coupled with image 
analysis to yield relative quantification. The authors used an image analysis algorithm that 
was developed to detect and count the ZPT particles, providing a relative quantitative 
assessment of follicular delivery. Figure 5.4 illustrates the result of the quantitative 
assessment which shows the particles detected to the instrumentation limit of 150 μm. The 
results obtained using the third method (Figure 5.4) were compared to the model. 
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Figure 5.4 Particles detected to the instrumentation limit of 150 μm. 
Model comparison  
As the study did not provide the brand or formulation of the products that were tested, 
quantitative comparison was not possible.  To evaluate to extent of agreement between the 
model and the present study, a simulation with ZPT was conducted in order to obtain a 
concentration - depth profile similar to that seen in Figure 5.4. The model was run using the 
default configuration. The initial concentration was modified to match the solubility of ZPT 
in water
  
(Guthery, 2014). Table 5.9 summarises the inputs. 
Table 5.9 Model configuration for comparison with(Schwartz et al., 2011).  
Framework Body site Application 
area 
Initial 
concentration 
Vehicle 
thickness 
Full thickness 
skin with 
systemic 
circulation 
 
Scalp 
 
1cm
2
 
 
0.008 mg/ml 
 
100 μm 
 
The authors did not specify the time point following application at which the depth profile 
(Figure 5.4) was calculated. As a shower has an average duration of 10 minutes (Kappel and 
Grechenig, 2009), the depth profile shown in Figure 5.5 corresponds to a time point of 10 
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minutes after application. As Figures 5.4 and 5.5 measure different quantities, a comparison 
is only made between the trends. 
 
Figure 5.5 ZPT depth profile for the amount recovered in the hair follicle at 10 minutes after 
application. 
Table 5.10 presents the follicular contribution at different times after application for ZPT. 
The table demonstrates that the follicular pathway has considerable impact on the penetration 
of ZPT. This agrees with the findings of Schwartz et al. (2011) that ZPT, as a therapeutic 
agent, can penetrate the hair follicle and thus aid in the treatment of follicular specific 
diseases (e.g. dandruff ⁄ seborrheic dermatitis). Overall, the model has shown good qualitative 
agreement with the study, particularly given the limited exposure information that was 
obtained. 
Table 5.10 Follicular contribution (%) as simulated by the model for investigated chemicals 
in (Schwartz et al., 2011) 
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Chemical Follicular contribution 
1h  6h  12h 
 
ZPT 
 
29% 
 
 
25% 
 
20% 
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Study 4 (Ossadnik et al., 2007): Penetration of topically applied antifungal 
substances into the hair follicles 
Ossadnik et al. (2007) used the aforementioned differential stripping method to visualise the 
penetration of topically applied antifungal substances into the hair follicle in vivo.   The study 
aimed to demonstrate that, for the chemicals tested, the hair follicles represent a relevant 
entrance into the skin. Six healthy volunteers were recruited for this study (age: 38-45). The 
flexor forearm of the volunteers was selected as the site of application, with an application 
area of 4 x 4cm
2
. Brilliant green solution, which has well-known antifungal properties, was 
tested in this study, and was applied at a concentration of 1 mg/cm
2
. A silicone barrier was 
built around the application area to avoid lateral spreading of the solution. At a penetration 
time of 5 minutes, the follicular contents were removed by differential stripping. Following 
removal from the flexor forearm, the follicular casts were applied to agar plates inoculated 
with candida albicans. The results showed inhibited growth of C. albicans for the follicular 
casts that were removed from skin areas pre-treated with brilliant green, demonstrating that 
brilliant green had penetrated into the hair follicles.  
Model comparison  
The results of the above study were presented as images of the agar plates, where inhibited 
growth of C. albicans is indicative of the presence of the antifungal chemical in the hair 
follicles. As no quantitative information regarding the penetration of brilliant green in the 
follicular pathway was available, comparison between the study and the current in silico 
model was qualitative. In order to achieve this comparison, a simulation was conducted, with 
the aim of investigating whether brilliant green solution penetrates into the skin through the 
follicular route. The model configuration could be adjusted to the specific study as the 
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required exposure information was provided. Table 5.11 summarises the calculated input 
parameters. 
Table 5.11 Model configuration for comparison with (Ossadnik et al., 2007). 
Framework Body site Application 
area 
Initial 
concentration 
Vehicle 
thickness 
Full thickness 
skin with 
systemic 
circulation 
 
Forearm 
 
16 cm
2
 
 
1 mg/ml 
 
100 μm 
 
Figure 5.6 illustrates the subcellular disposition of brilliant green at 5 minutes and 1 hour 
after application. The model simulations demonstrate that the lipophilic solution largely 
penetrates through the stratum corneum through the intracellular and follicular pathways.    
 
Figure 5.6 Subcellular disposition of brilliant green solution in the stratum corneum of the 
skin at 5 minutes (left) and 1 hour (right) after application. 
Table 5.12 presents the follicular contribution at different times following the application of 
brilliant green, demonstrating that that the follicular pathway has a significant impact on the 
penetration of the chemical. The results provided in the table below, along with Figure 5.6, 
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confirm the findings of Ossadnik et al. (2007), thus demonstrating that the current model has 
qualitatively agreed with the study.  
Table 5.12 Follicular contribution (%)as simulated by the model for investigated chemicals 
in (Ossadnik et al., 2007) 
 
Study 5 (Grams and Bouwstra, 2002): Accumulation of dyes in hair follicles 
of human skin 
Grams & Bouwstra (2002) investigated the effect of surfactant formulation in the presence 
and absence of propylene glycol on the penetration and distribution of drugs in human scalp 
skin. Different chemicals of similar MW but different 𝐾𝑜/𝑤 were used. The experiments were 
carried out in vitro on fresh human scalp skin. The model drugs used for these studies were 
Oregon Green® 488, Bodipy FL C5 and Bodipy 564/570 C5.  The diffusion experiments were 
carried out using diffusion cells with skin surface areas of 0.38cm
2
. 250 µl donor solutions 
were applied for 18 hours, and fractions were collected from the receptor hourly. Confocal 
laser scanning microscopy was used following the diffusion experiments in order to visualise 
the distribution of the various labels in the skin and hair follicles. The results of the study 
indicate an increased follicular accumulation for more lipophilic dyes. The authors presented 
the accumulation of the compounds in the different skin components after analysing the 
imaging results.  
 
Chemical Follicular contribution 
1h  6h  12h 
 
Brilliant green 
 
61% 
 
 
66% 
 
62% 
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Model comparison  
The above study confirmed the penetration and accumulation of lipophilic drugs Bodipy FL 
C5 and Bodipy 564/570 C5 in the hair follicles. Oregon Green 488 only demonstrated 
penetration into the hair follicles.  The model configuration was adjusted accordingly to 
mimic the experimental setup (Table 5.13). As this was an infinite source in vitro experiment, 
the initial conditions did not affect the outcome of the simulation.  
Table 5.13 Model configuration for comparison with (Grams and Bouwstra, 2002). 
Framework Body site Application 
area 
Initial 
concentration 
Vehicle 
thickness 
Full thickness 
skin with sink 
conditions 
 
Scalp 
 
0.38 cm
2
 
 
1 mg/ml 
 
6.57 mm 
 
As no quantitative information was provided by Grams et al., only a qualitative comparison 
of the model was made. Table 5.14 presents the follicular contribution for the three 
chemicals, ranging from the most lipophilic to the most hydrophilic.   
Table 5.14 Follicular contribution (%) as simulated by the model for investigated chemicals 
in (Grams and Bouwstra, 2002) 
 
The follicular pathway was shown to have a greater impact on the penetration of the 
lipophilic chemicals Bodipy 564/570 C5 and Bodipy FL C5.  Previous simulations in Study 2 
Chemical Follicular contribution 
1h  6h  12h 
 
Bodipy 564/570   C5 
 
 
73% 
 
81% 
 
80% 
Bodipy  FL C5 34% 30% 25% 
 
Oregon Green 488 
 
 
1.4% 
 
1.2% 
 
0.8% 
113 
 
for curcumin (Figure 5.3) and Study 4 for brilliant green (Figure 5.6) were also based on 
lipophilic chemicals of a similar range to Bodipy 564/570 C5 and Bodipy FL C5, respectively. 
The behaviour of the latter chemicals is expected to follow that of those simulated previously. 
Thus, it can be concluded that the model qualitatively agrees with the experimental study. 
 
Study 6 (Chandrasekaran et al., 2016) :Magnesium ions through human 
skin is facilitated by hair follicles 
Chandrasekaran et al. (2016) investigated the extent of magnesium ion permeation through 
human skin and the role of hair follicles in facilitating this permeation.  The study was 
performed on excised abdominal human skin (epidermis only) in a Franz cell setup. The 
reported application area was 1.33cm
2
, and 5mM of Magnesium-containing formulation was 
applied to the skin.  Another sample of excised skin was treated with 5mM and 1.9M 
magnesium solution for 5, 15 and 60 minutes, in order to study the effect of time and 
concentration on magnesium permeation. The follicular plugging method was used to 
specifically determine the impact of the follicular pathway on overall magnesium penetration. 
The study revealed that magnesium penetration was significantly decreased in the sections of 
skin that were plugged, compared to penetration through unplugged skin. The only 
quantitative information presented in the study was a measure of the magnesium penetrated 
in areas with plugged and unplugged hair follicles. The results are presented in terms of the 
corrected total cell fluorescence (CTCF). Figure 5.7 was directly taken from the 
corresponding journal paper and illustrates the plugged (a) and unplugged (b) skin areas 
using multiphoton microscopy. Additionally, the total cell fluorescence in the receptor of 
both setups is quantified and presented (c).    
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Figure 5.7 Image taken from (Chandrasekaran et al., 2016). (A) Skin images of plugged 
follicles and (B) unplugged follicles.  (C) Increased penetration of magnesium ions in 
unplugged skin, (* p<0.05). 
Model comparison  
This is an in vitro study conducted on Franz cells with an infinite source. Thus, initial 
conditions will not affect the resulting outcome of the simulation. The model was configured 
accordingly based on the available information (Table 5.15).  
Table 5.15 Model configuration for comparison with (Chandrasekaran et al., 2016). 
Framework Body site Application 
area 
Initial 
concentration 
Vehicle 
thickness 
 
SC - VE -  
Receptor 
 
 
Abdomen 
 
1.33 cm
2
 
 
1 mg/ml 
 
100μm 
 
With the exception of Figure 5.7, which cannot be reproduced with model simulations, no 
other quantitative information was provided by Chandrasekaran et al. (2016).  Thus, the 
model was only compared qualitatively to the experimental study. Two simulations were 
conducted, one with the follicular route open and another with the follicular route blocked. 
The results presented in Figure 5.8 illustrate the amount of magnesium that penetrated into 
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the skin with blocked and open hair follicles. The ratio of the total cell florescence with 
plugged follicles over the total cell florescence with unplugged follicles was estimated to be 
ca. 1.5 from Figure 5.7. The corresponding ratio as calculated from the model results is 1.14.  
 
Figure 5.8 Simulation results of magnesium recovered from the receptor after simulating 
with blocked and open hair follicle at 60 minutes after application.   
Table 5.16 presents the follicular contribution for magnesium penetration as calculated by the 
current model. As can be seen, the results are in line with Figure 5.8 although they measure 
different quantities. In Figure 5.8 only the magnesium present in the receptor is accounted 
for, whereas in the table below the amount of magnesium in both the skin and receptor is 
given. To sum up, the model comparison with the experimental study was successful. The 
model reached qualitative agreement with the experimental study.  
Table 5.16 Follicular contribution (%) as simulated by the model for investigated chemicals 
in (Chandrasekaran et al., 2016). 
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Study 7 (Genina et al., 2002): Dye diffusion into the human skin and hair 
follicles 
Genina et al. (2002) examined the permeation of chemicals to and through the hair follicle. 
They studied the in vivo and in vitro diffusion of the food dye Indigo Carmine (IC) and of the 
medical dye Indocyanine Green (ICG) in the forearm and lower leg skin at various stages of 
the follicular growth cycle.  Various liquid carriers, often used in cosmetic preparations, were 
chosen as solvents for the dyes. The concentration of IC used was 10 mg/ml and the 
concentration of ICG was in the range of 1 to 4 mg/ml. The reported application area was 25 
cm
2
 for the in vivo tests and 4cm
2 
for in vitro tests (Franz cell setup). Hair samples were taken 
by performing skin biopsies (for both in vivo and in vitro tests) and then analysed using 
optical colour imaging microscopy. In vivo results revealed that both ICG and IC were 
present in the sebum of the hair canal, as well as in the sebaceous gland and the upper part of 
a telogen hair. In comparison to living tissue, the ICG distributions in the in vitro dyed skin 
samples showed faster penetration. No quantitative information was available in the current 
study.  
Model comparison 
The required exposure information was provided for both the in vitro and in vivo 
experiments. As the formulation of the vehicle was absent hence the vertical depth of the 
vehicle could not be calculated, the default configuration was used. The model configuration 
was adjusted to the specific study for both setups. The comparison was made based on the in 
vivo experiments of the study above. Table 5.17 summarises the calculated input parameters. 
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Table 5.17 Model configuration for comparison with (Genina et al., 2002). 
Framework Body site Application 
area 
Initial 
concentration 
Vehicle 
thickness 
Full thickness 
skin with 
systemic 
circulation 
 
 
Forearm 
 
25cm
2
 
 
10 mg/ml (IC) 
2 mg/ml (ICG) 
 
100μm 
 
The study confirms the presence of three chemicals in the sebum of the hair and in the 
surrounding hair follicle structure. The authors did not present any quantitative information in 
order for direct comparison to be made between the model and the study.  
Table 5.18 presents the follicular contribution of the examined chemicals with their 
corresponding initial concentration (Table 5.17). It should be noted that Indocyanine Green 
has a MW of 775 Da. As explained in more detail in Chapter 3, the model only predicts well 
for chemicals up to 500Da.  
Table 5.18 Follicular contribution (%)as simulated by the model for investigated chemicals 
in (Genina et al., 2002). 
 
Table 5.18 confirms the penetration of both chemicals into the follicular pathway.  
Additionally, as is thoroughly explained in this thesis, the model considers sebum to be the 
pathway for follicular delivery as a default. Thus, this study also confirms the modelling 
decisions made when building the model.  
Chemical Follicular contribution 
1h  6h  12h 
 
Indigo Carmine  
 
73% 
 
84% 
 
84% 
Indocyanine Green 10% 10% 8% 
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Study 8 (Frum et al., 2007): The influence of drug partition coefficient on 
follicular penetration  
Frum et al. (2008) employed the skin sandwich system in order to quantify the influence of 
the 𝐾𝑜/𝑤 on follicular drug absorption in human skin. The authors selected a group of seven 
candidate solutes that exhibit a wide range of 𝐾𝑜/𝑤 but relatively similar MWs. These are 
summarised in Table 5.2. The study was performed on cadaveric human skin samples. The 
samples were frozen at -80
o
c for a period of six months. Prior to the experiment a defrosting 
process was conducted, which involved heating the samples and washing them with a watery 
liquid. The established heat separation technique was then used to prepare the membranes for 
the experiments.  The experiments involved adding 200μl of saturated test drug solution on to 
either hydrated epidermal or hydrated sandwich membranes mounted in Franz cells 
(application area: 0.64cm
2
). The authors presented the results in terms of cumulative drug 
penetration versus time for each chemical.  Additionally, the relationship between the 
follicular contributions versus the octanol-water partition coefficient for each drug was 
plotted. The results of the study indicated that the follicular impact is higher for hydrophilic 
molecules than for lipophilic molecules. 
Model comparison  
From the information provided in the study, the model configuration was adjusted 
accordingly as shown in Table 5.19. This is an in vitro experiment, thus initial conditions will 
not affect the outcomes of the simulations. 
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Table 5.19 Model configuration for comparison with (Frum et al., 2007). 
Framework Body site Application 
area 
Initial 
concentration 
Vehicle 
thickness 
 
SC-VE with sink 
conditions 
 
 
Back 
 
0.64cm
2
 
 
1mg/ml 
 
100μm 
 
The experimental study offered sufficient quantitative information with which to compare the 
model. The percentage change between the permeability coefficients of open and blocked 
hair follicle simulations was calculated as a measure of the follicular contribution from the 
model. The same set of chemicals was simulated. Figure 5.9 below illustrates the in vitro data 
as obtained from the experiment against the in silico data from this model. As can be seen 
from Figure 5.9, the model prediction disagrees with the experimental results, particularly for 
more lipophilic molecules. As a result, the model has poor agreement with the in vitro study.  
 
Figure 5.9 Model comparison with in vitro study. 
The opposing results of Frum et al. (2007) to the current in silico model were further 
investigated. The experimental results, especially for lipophilic chemicals (Figure 5.9) 
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contradict the model results and previously investigated studies (Genina et al., 2002; Grams 
and Bouwstra, 2002; Ossadnik et al., 2007; Teichmann et al., 2007).  The experimental study 
suggests, since the follicular pathway has shown to have considerable impact on the 
penetration of hydrophilic chemicals, that the follicular pathway is not sebum filled. Thus a 
possible hypothesis was generated. The hypothesis generated was that the very low freezing 
temperatures (-80
o
c) along with the post-processing of the samples could potentially alter the 
physio-chemical characteristics of the follicular pathway. In order to investigate this 
hypothesis in silico, the sebum pathway was altered to have water properties and the same 
calculations were carried out as in Figure 5.9. 
 
Figure 5.10 Model comparison with in vitro study when follicular pathway filled with water. 
As can be seen from Figure 5.10 the in silico results tend to suggests that the hypothesis 
stands. The simulation results follow similar trend as those of Frum et al. (2007). The current 
study is not conclusive on the matter of frozen skin samples and further experimental 
investigation is required to elucidate the scientific community.  
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Study 9 (Ogiso et al., 2002): Penetration of drugs through human scalp skin 
and comparison with abdominal skin. 
Ogiso et al. (2002) investigated the importance of the follicular pathway for drugs penetrating 
through human scalp and abdominal skin in vitro. Liquid formulations containing lipophilic 
and hydrophilic drugs were tested in this study.  Human scalp skin and human abdominal 
skin were obtained from Japanese individuals (age: 23-60 years). These were frozen at -7
o
c 
and were used five days after removal from the human body. The penetration studies were 
performed using the Franz diffusion cell arrangement (application area: 10cm
2
).  Varying 
formulations were used in these experiments to assess the differences in permeation through 
human scalp and human abdominal skin. Lipophilic drugs MT and KP showed high 
permeability through the scalp skin, although the flux of KP was higher.  Penetration of MT 
and 5FU was greater through scalp skin than abdominal skin. Chemicals penetrated through 
the IRS-ORS junction.    
Model comparison  
The study compared the penetration of three chemicals with varying lipophilicity, into the 
scalp (high density of hair follicles) and abdomen (lower density of hair follicles). The 
experiments were conducted in vitro. The model configuration was adjusted accordingly in 
order to conduct a comparable study in silico (Table 5.20).  
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Table 5.20 Model configuration for comparison with (Ogiso et al., 2002). 
Framework Body site Application 
area 
Initial 
concentration 
Vehicle 
thickness 
SC-VE with sink 
conditions 
Abdomen 10cm
2
 1mg/ml 100μm 
SC-VE with sink 
conditions 
Scalp 10cm
2
 1mg/ml 100μm 
 
Two separate simulations were conducted and the permeability coefficients of abdomen 
(LogPabdomen) and subsequently scalp (LogPscalp) skin were estimated. These are compared in 
Table 5.21. The model simulation qualitatively confirms the results of the study. Permeability 
coefficients were higher in scalp skin and the flux of KP was much higher than that of the 
other chemicals. Additionally, after histological investigation, Ogiso et al., (2002) confirmed 
that for all chemicals the penetration occurred between the ORS and IRS junction, which is 
effectively the sebaceous route. 
Table 5.21 Comparison of the simulated permeability values in scalp and abdominal skin. 
Chemical  LogPabdomen LogPscalp 
Ketoprofen -5.3 -4.6 
Melatonin -6.7 -6.0 
Fluorouracil -7.2 -6.8 
 
The follicular contribution for the three chemicals under investigation was calculated and is 
presented in Table 5.22.  The results follow the same trend as previous comparison studies, 
demonstrating that a more lipophilic chemical benefits more from the follicular pathway.     
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Table 5.22 Follicular contribution (%)as simulated by the model for investigated chemicals 
in (Ogiso et al., 2002). 
 
Study 10 (Essa et al., 2002):  Shunt route penetration during passive and 
iontophoretic drug and liposome delivery. 
Essa et al. (2002) have explored the role of the follicular pathway in passive and 
iontophoretic drug and liposome penetration. Iontophoretic drug delivery is beyond the scope 
of this study, hence the focus will be on passive drug delivery. The candidate chemicals used 
in this study are mannitol and estradiol.  Post-mortem abdominal human skin samples (age: 
69.3 ± 6.41 years) were used. The skin sandwich system was incorporated to investigate the 
role of the shunt pathway in the topical delivery of compounds. The results of the study 
indicate that both mannitol and estradiol appear to have penetrated through the shunt route. 
Additionally, the overall passive penetration profiles indicated that the shunt route played a 
significant role in the early and steady-state flux of the hydrophilic compound, mannitol. 
However, its contribution to the overall passive penetration of a lipophilic compound 
(Estradiol) was minor. 
Model comparison 
The model configuration was adjusted accordingly to the experimental study. (Table 5.23)  
Chemical Follicular contribution 
1h  6h  12h 
 
Ketoprofen 
 
 
71% 
 
75% 
 
73% 
Melatonin 31% 23% 21% 
 
Fluorouracil  
 
 
2.4% 
 
1.2% 
 
0.7% 
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Table 5.23 Model configuration for comparison with(Essa et al., 2002). 
Framework Body site Application 
area 
Initial 
concentration 
Vehicle 
thickness 
 
SC-VE with sink 
conditions 
 
 
Abdomen 
 
10cm
2
 
 
1mg/ml 
 
100μm 
 
Based on the previous comparison studies (e.g. Table 5.21 and Figure 5.9) the model does not 
agree with the conclusions of Essa et al. The study concludes that the follicular contribution 
was minor for estradiol but, as can be seen in Figure 5.9, the model predicts otherwise. Table 
5.24 confirms the latter statement and also calculates the follicular contribution for mannitol. 
Table 5.24 Follicular contribution (%) for investigated chemicals in (Essa et al., 2002). 
 
To conclude, the model agrees with the study to the extent that both chemicals penetrate into 
the follicular route. Additionally, the follicular pathway shows greater impact for mannitol at 
earlier times after application, as the study suggested. Despite these, the model demonstrated 
overall poor agreement with the experimental study of Essa et al., as the follicular pathway is 
predicted by the model to have a significant impact on the penetration profile of estradiol. 
 
Chemical Follicular contribution 
1h  6h  12h 
 
Estradiol  
 
61% 
 
64% 
 
61% 
 
Mannitol  1.5% 0.6% 0.2% 
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5.4 Model comparison against transdermal animal studies 
The transdermal animal studies are summarised in Table 5.25.  A qualitative comparison will 
be made as the experiments are conducted on species that the model does not accommodate 
for. Quantitative information regarding the impact of the follicular pathway was provided for 
a large chemical space in the previous section. The 𝐾𝑜/𝑤 values varied from -2.5 to 3.72 
(logarithmic scale) and the MW values from 23 to 775 Da. Along with additional simulations 
that were conducted to compare the model to specific human skin studies, this information 
formed the basis for deciding whether or not the model qualitatively agreed with the studies 
in Table 5.25. Wherever possible and necessary, additional simulations were also conducted 
in this section. The model configuration was set to the default settings (Table 5.2).  
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Table 5.25 Summary of hair follicle specific studies conducted animal skin samples 
 
Study 
no. 
Reference Skin sample Chemical Main findings Model 
agreement 
(qualitative) 
Name MW 
(Da) 
 
𝐥𝐨𝐠 𝐊𝐨𝐰 
11  (Biju et al., 2005) Ex vivo/ 
bovine udder 
Tee tree oil  716 2.74 0.16 to 0.43% of total dose of tee 
tree oil recovered from follicular 
casts.    
 
Good 
12 (Horita et al., 2014) In vitro/ pig 
ear  
Fluorescein  
Lidocaine hydrochloride  
Isorbide-5- mononitrate 
371 
271 
191 
 
-0.93 
-0.62 
-0.77 
 
Used the follicular plugging 
method and presented the impact 
of HF pathway has to the 
candidate chemicals.  
Good 
13 (Mohd et al., 2016) in vitro/ pig 
ear  
Calcein sodium salt  
Fluorescein sodium salt  
Isosorbide dinitrate  
Lidocaine 
Hydrochloride  
Aminopyrine  
Ibuprofen  
Butyl paraben  
Isosorbide mononitrate  
 
644 
376 
236 
234 
231 
206 
194 
191 
-3.50 
-0.61 
1.23 
-0.90 
0.98 
1.25 
3.5 
-0.77 
 
Presented the impact of the 
follicular to lipophilic and 
hydrophilic chemicals.  
Poor 
14 (Illel and Schaefer, 
1988) 
In vitro/ rat 
skin vs 
appendage free 
rat skin  
Hydrocortisone 
Niflumic Acid 
Caffeine 
Aminobenzoic Acid 
 
362 
282 
194 
137 
1.62 
4.43 
-0.07 
0.83 
Showed that steady-state flux and 
total diffusion in 24 h were larger 
when follicles present. 
Good 
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15 (Motwani et al., 2004) In vitro/ 
hamster 
 
Salicylic acid 138 2.26 Delivery through sebum occurs 
via miscibility with sebum and 
partitioning from the vehicle into 
sebum. 
 
Good 
16 (Rolland et al., 1993) 
 
In vitro /rat 
 
Adapalene 
in microspheres 
 
412 8.6 Microspheres penetrated in the 
sebum of hair follicles.  
Good 
17 (Bernard et al., 1997) 
 
In vitro/rat RU-58841 
(Antiandrogen) 
369 1.47 Sebaceous route was the main 
pathway of permeation.  
Good 
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Study 11 (Biju et al., 2005): Tea tree oil concentration in follicular casts 
after topical delivery 
Biju et al. (2005) examined the follicular uptake of tea tree oil, a popular antimicrobial agent 
recommended for the treatment of acne vulgaris. The authors used different tea tree oil 
containing formulations (colloidal bed, microemulsion, multiple emulsion, and liposomal 
dispersion containing 5% w/w tea tree oil) to examine their effect on the delivery of the 
substance into the skin. Fresh bovine udder skin was used for the in vitro experiment which 
was mounted onto Franz diffusion cells. A volume equivalent to 100 mg of the various 
formulations was applied to an area of 4.2 cm
2
. After 3h of application the product residues 
were removed and cyanoacrylate surface biopsies were taken. Analysis of the 
microcomedone contents (tea tree oil) was carried out by quantification of terpinen-4-ol, the 
major component of tea tree oil, using high-performance thin layer chromatography 
(HPTLC). The results of the study indicated that, for all the applied formulations, tea tree oil 
penetrated into the follicular casts. The recovered tea tree oil content from the follicular casts 
ranged from 0.16 to 0.43% for all formulations.  
Model comparison 
A simulation was conducted in order to compare the model with the current study. The 
predicted total amount recovered from the follicular cast after application was compared to 
the experimental data.  After 3 hours of application, the recovered content from the follicular 
casts was calculated to be 0.4%, which is within the range of the study results (0.16 to 
0.43%). As previously explained, the follicular casts contain the hair follicles with attached 
keratinocytes surrounding them. Biju et al. (2005) did not provide the exact geometry of the 
follicular casts, which would allow the additional section of the skin that is present to be 
accounted for in the simulation. Subsequently, the geometry of follicular casts obtained from 
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the Teichmann et al. (2005) study was used as a realistic approximation. Additionally, the 
amount recovered from the follicular pathway alone (no attached corneocytes) was justifiably 
smaller, and calculated to be 0.03%.  Nevertheless, it can be concluded that the model 
comparison with the current study was qualitatively good.   
Study 12 (Horita et al., 2014): Follicular penetration of drugs using the hair 
follicle-plugging method 
Horita et al. (2014) employed the follicular plugging method to analyse the pre-treatment 
effect of ethanol on the stratum corneum and hair follicle penetration.  In vitro penetration 
experiments were performed on four moderately hydrophilic, model drugs: isosorbide 
mononitrate (ISMN), ionized lidocaine (ionized LC), fluorescein (FL), and fluorescein 
isothiocyanate (FITC)-dextran 4 kDa (FD-4). The tests were performed on pig ear skin that 
was previously frozen at -30
o
c.  The skin membrane was mounted on vertical-typed diffusion 
cells with an effective diffusion area: 1.77 cm
2
. ISMN and LC concentrations in the samples 
were determined using an HPLC system. FL and FD-4 concentrations in the samples were 
analysed using a spectrofluorophotometer. The results of the study revealed that the follicular 
plugging method affected the penetration of ionized LC, FL and FD-4 but had a minor effect 
on the penetration of ISMN. 
Model comparison 
In order to qualitatively compare the model with this study, the HF impact (%) was calculated 
for each chemical.  The follicular impact was estimated to be 7% for ISMN, 9% for ionized 
LC and 15% for FL. Simulation for FD4 was not performed due to the large MW that the 
chemical exhibits (ca. 4k Da). There was a good qualitative agreement between the study and 
the model, as both agree that ISMN had less impact than the other chemicals. Given that all 
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three chemicals have similar 𝐾𝑜/𝑤 values, the increase of the HF impact is proportional to the 
increase in their MW.   
Study 13 (Mohd et al., 2016): Contribution of the hair follicle pathway to 
total skin permeation   
Mohd et al. (2016) investigated the contribution of the follicular pathway to the skin 
permeation of topically applied or exposed chemicals. In vitro penetration experiments were 
performed on nine candidate chemicals ranging from hydrophilic to lipophilic. The follicular 
plugging method was used to quantify the contribution of the shunt pathway. Tests were 
performed on pig ear skin that was previously frozen at -80
o
c. The pig skin samples were 
mounted on Franz cell chambers with an effective diffusion area of 1.77cm
2
. The 
concentrations of the nine chemicals were then analysed using a spectrofluorophotometer and 
an HPLC system. The authors measured the impact of the follicular pathway by calculating 
the difference between their permeability coefficients through the skin in the presence and 
absence of hair follicle plugging. The results indicated that the lipophilicity of the chemicals 
is related to the contribution of the follicular pathway following topical application. For 
hydrophilic chemicals, a greater reduction in permeation due to hair follicle plugging was 
observed than that observed for lipophilic chemicals. 
Model comparison  
Similar to what was observed in the study by Frum et al. (2007) the above experimental work 
demonstrated that the follicular impact is high for hydrophilic molecules and low for 
lipophilic molecules. The model disagrees with these findings (Figure 5.9), thus the 
agreement with the current study is considered to be poor. 
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Study 14 (Illel and Schaefer, 1988): Transfollicular percutaneous 
absorption 
Illel & Schaefer (1988) have investigated the relative importance of stratum corneum and hair 
follicles in percutaneous absorption.  The study was conducted on hairless rat skin in which 
the sebaceous gland density and size are closely related to those observed on the human 
forehead. The second skin surrogate was regrown tissue in which no follicular or sebaceous 
openings are present. The chemicals used for this study were hydrocortisone, caffeine, 
niflumic acid and p-aminobenzoic acid.  For the diffusion experiments, both skin samples 
were mounted onto a Franz diffusion cell with an effective diffusive area of 2cm
2
.  The 
results of the study are presented as the cumulative amount permeated vs time, for all 
chemicals. All penetration profiles have shown that the hairless rat skin was more diffusive 
than regrown rat skin. More specifically, in the absence of follicles, the steady-state flux and 
the amounts diffusing in 24 or 48 h were 2-4 times lower than in normal skin. 
Model comparison 
Illel et al. tested chemicals that are beyond the chemical space examined in Section 5.3, 
particularly niflumic acid (log 𝐾𝑜𝑤 = 4.43). Thus, a simulation was conducted in order to 
explore a wider chemical space in this chapter, and to qualitatively compare the model with 
the experimental study. Table 5.26 presents the follicular contribution for the examined 
chemicals, ranging from the more lipophilic to the more hydrophilic chemicals. As expected, 
based on previous simulations, the follicular contribution is much higher for more lipophilic 
chemicals. Nevertheless, the model qualitatively agrees with the current study since 
penetration of all chemicals was higher when the follicular pathway was considered.  
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Table 5.26 Follicular contribution (%)as simulated by the model for investigated chemicals 
in (Illel and Schaefer, 1988). 
 
Studies 15 – 17: 
Motwani et al., (2004):  Deposition of salicylic acid into hamster sebum 
route  
Rolland et al., (1993): Site-specific drug delivery to philosebaceous 
structures 
Bernard et al., (1997):  Importance of sebaceous glands in cutaneous 
penetration of an antiandrogen 
Motwani et al. (2004) studied the in vitro deposition of salicylic acid in fatty and polar 
vehicles in the sebaceous gland in hamster skin. The aim of this work was to investigate the 
role of sebum and its compatibility with the vehicle in the transport of drugs to the hair 
follicle. Lipophilic vehicles have been shown to have greater miscibility with sebum than 
polar vehicles. The authors suggest that delivery to the sebaceous glands takes place via two 
main mechanisms: miscibility with sebum and partitioning from the vehicle into sebum. The 
Chemical Follicular contribution 
1h  6h  12h 
 
Niflumic acid  
 
 
71% 
 
78% 
 
76% 
Hydrocortisone  22% 20% 20% 
 
Aminobenzoic acid   
 
 
15% 
 
11% 
 
11% 
Caffeine 
 
6%  2% 1.6% 
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aforementioned mechanisms depend on the physico-chemistry of the drug and polarity of the 
vehicle.   
Rolland et al. (1993) investigated the use of microparticles in transdermal drug delivery using 
hairless rat skin and frozen human skin. The chemical tested was adapalene, a highly 
lipophilic drug that is widely used for the treatment of acne.  Adapalene containing 
microspheres were deposited in both skin samples in vitro as well as in artificial sebum. The 
study demonstrated that adapalene was successfully deposited in the philosebaceous unit. The 
use of microspheres along with the extremely high 𝐾𝑜/𝑤 of adapalene make it impossible for 
the current model to directly simulate the exposure scenario of the study.  
Bernard et al. studied the in vitro and in vivo permeation of an antiandrogen (RU-58841) in 
hairless rat skin and scarred hairless rat skin (lacking hair follicles and sebaceous glands). 
Liposomal and alcoholic vehicles were used to examine the delivery of the antiandrogen. The 
skin samples for in vitro tests were mounted in diffusion cells with an effective diffusive area 
of 0.685 cm
2
. In vivo tests were performed on both hairless and scarred rats with an 
application area of 1.54cm
2
. The authors used autoradiography to determine the routes of 
penetration. The results indicated that the sebaceous route was the main pathway for 
permeation as it represented over 50% of the total absorption under all conditions.  
Model comparison with studies 15-17 
The current modelling approach considers the space between the hair follicle and the skin to 
be the follicular pathway. This is filled with sebum, hence this sebum pathway can be 
considered as the pathway for follicular penetration. Studies 15 to 17 have either investigated 
the mechanisms by which sebum penetration is facilitated or have demonstrated that the 
sebum pathway was predominant for the chemicals tested. Motwani et al. investigated the 
penetration of the lipophilic chemical salicylic acid in the follicular area. In a previous 
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comparison study (Figure 5.3) the model demonstrated that that chemicals of such 
lipophilicity find sebum a favourable medium to penetrate from. Rolland et al. have used a 
more lipophilic drug, adapalene, and showed that the chemical was found in the sebaceous 
glands. Returning to Figure 5.9, the model simulations demonstrated that the HF impact 
increases with the lipophilicity of the chemical, thus the model qualitatively agrees with the 
conclusions drawn from the study. Finally, Bernard et al. have validated the modelling 
decisions made for this work in vitro by demonstrating that the sebaceous route was a 
predominant pathway for penetration of the candidate chemical. The model agrees 
qualitatively with all three studies.  
5.5 Discussion  
In this chapter, the model was compared to seventeen studies. No data were fitted in any of 
these simulations, thus the predictive capability of the model was also tested. The model 
agreed with fourteen of these studies, providing confidence towards its predictive capability.  
The common measure of comparison with the majority of the experimental studies was the 
quantification of the follicular contribution in terms of the amount of a chemical that 
penetrated into the skin.  The simulations revealed that the follicular contribution was higher 
for lipophilic compounds than hydrophilic compounds. Furthermore, the penetration of 
hydrophilic compounds was influenced to a greater extent by the follicular pathway at earlier 
times (1 hour), while at later time points (6 and 12 hours), the follicular contribution 
decreased. Equivalent behaviour was also identified in Chapter 4, where the model was 
compared to a caffeine in vivo study. In the clinical study, the authors agreed that the 
follicular pathway had a greater impact on caffeine delivery at early time points after 
application (Otberg et al., 2008).  
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Additionally, following analysis of the human and animal studies, contradictions between the 
two were identified, with the impact of the follicular pathway for lipophilic chemicals being 
the main point of disagreement. Four studies demonstrated that the follicular pathway had a 
considerable impact on the penetration of the lipophilic chemicals investigated (Biju et al., 
2005; Genina et al., 2002; Ossadnik et al., 2007; Teichmann et al., 2007). Conversely, three 
studies demonstrated the contrary  (Essa et al., 2002; Frum et al., 2007; Mohd et al., 2016), 
that is, that hydrophilic chemicals penetrate into the follicular pathway more readily, and that 
the follicular pathway has a minor impact on the penetration of lipophilic chemicals. 
Interestingly, the three conflicting studies are those with which the model disagreed. Given 
the fact that sebum represents the follicular pathway in this model, it is expected that 
lipophilic chemicals will more easily penetrate into the lipophilic sebum pathway.  
The three studies were subsequently identified as using frozen skin samples. Apparently, 
results from frozen skin samples indicate that hydrophilic chemicals benefit more from the 
follicular pathway than lipophilic chemicals do. According to OECD guidelines for the 
testing of chemicals, frozen skin samples are known to be suitable for the assessment of 
percutaneous penetration (Harrison et al., 1984; Hawkins and Reifenrath, 1984; Swarbrick et 
al., 1982). However, these studies specifically quantified the follicular contribution by means 
of percentage difference of either permeability or flux. The percentage change thus only 
represents the hair follicle pathway and not the rest of the skin sample. Concrete evidence 
that freezing the samples affects the follicular pathway and, more specifically, sebum itself 
was not identified in the literature. Evidence exists that varying temperatures affect the sebum 
viscosity and that sebum ceases to flow at 15
o
c to 17
o
c (Webster and Rawlings, 2007). The 
hypothesis, that the physiochemical properties of the follicular pathway are altered after 
undergoing freezing and post-processing, was investigated in this Chapter. When the sebum-
filled pathway was switched into a water, the model prediction agreed with the conclusions 
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drawn from the three studies (Essa et al., 2002; Frum et al., 2007; Mohd et al., 2016) as can 
be seen at Figure 5.10. These results are not conclusive and are only based on assumptions. 
Subsequently, further studies are required to investigate whether the physio-chemistry of the 
follicular pathway is altered when the skin samples freeze.   
5.6 Summary 
Overall, satisfactory comparisons were observed between the model and both human and 
animal transdermal studies. The model agreed either qualitatively or quantitatively with 14 of 
the 17 studies. Furthermore, the studies that the model showed good agreement with cover a 
large chemical space.  The 𝐾𝑜/𝑤  values varied from -2.5 to 4.43 (log scale) and the MW 
values from 23 to 775 Da. Additionally, the simulations revealed certain trends regarding the 
impact of the follicular pathway on the group of chemicals investigated. As previously 
discussed, the trend was not conclusive, and hence will be further investigated in Chapter 6. 
Moreover, the studies that the model had poor agreement with appear to contradict additional 
experimental studies. The apparently conflicting experimental results pose a challenge 
towards better understanding of the mechanism and role of the follicular pathway in the 
context of percutaneous penetration. 
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Chapter 6  
6 The contribution of the follicular pathway to the 
penetration of a wide range of chemicals 
6.1 Introduction 
 
The model was previously compared to several studies that specifically examined the 
contribution of the follicular pathway to the permeation of chemicals into the skin. A good 
quantitative or qualitative agreement was reached with the majority of these studies. The 
present chapter aims to investigate the relative impact of the follicular pathway on a wide 
range of chemicals. Specifically, the effect of the 𝐾𝑜/𝑤 and the MW will be investigated. 
From the literature it appears that similar studies have only been conducted in vitro (Frum et 
al., 2007; Mohd et al., 2016); as discussed in the previous chapter.   
Other in vivo and in vitro studies have been conducted to examine the impact of the follicular 
route on individual chemicals. These have been discussed in length in Chapter 5. In silico 
studies that considered the follicular pathway (as discussed in Section 2.3.3), have provided 
quantitative information regarding the penetration of very few chemicals. The reason for this 
is their limited predictive capability due to the requirement for parameter fitting to 
experimental data. Briefly, Keister and Kasting, (1986) showed that the follicular pathway 
accounted for 25% of the overall penetration of ibuprofen (𝐿𝑜𝑔𝐾𝑜/𝑤 = 3.97)  through skin at 
steady-state. Liu et al., (2011)  showed that the absorption rate constant of caffeine (𝐿𝑜𝑔𝐾𝑜/𝑤 
= -0.07) for hair follicles was nearly ten times higher than that for the stratum corneum. 
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Additionally, a theoretical study by Mitragotri, (2003) indicated that larger molecules exhibit 
a higher impact on the follicular pathway. A wide range of 𝐿𝑜𝑔𝐾𝑜/𝑤 and MW values was 
covered in the studies discussed above and in those detailed in Chapter 5. Despite that, these 
studies are not conclusive due to the various methodologies, exposure scenarios and 
formulations used for separate chemicals. Consequently, a widely accepted agreement 
regarding the impact of the follicular route for hydrophilic and lipophilic chemicals has not 
yet been reached among the scientific community. A comprehensive study is still required in 
order to elucidate the impact of the follicular pathway in relation to transcellular and 
intercellular pathways.  
A set of 15 chemicals that cover a wide range of 𝐿𝑜𝑔𝐾𝑜/𝑤 values and MW have been 
selected for this study. The follicular plugging approach was utilised to estimate the impact of 
the follicular pathway, in terms of the percentage change in permeability (open vs blocked). 
An additional set of simulations was performed using a virtual set of chemicals to separately 
evaluate the impact of 𝐿𝑜𝑔𝐾𝑜/𝑤 and MW.  Additionally, the follicular impact across two 
different body sites (chest and back) was quantified to show the importance of considering 
the various body site geometries in simulations.  
6.2 Methods of quantification 
 
Figure 6.1 illustrates the model framework selected for this study. The top layer is a 
homogenous vehicle layer. The two dimensional bricks-and-mortar layer, representing the 
stratum corneum heterogeneity, are seen below this. The bottom layer is designed to 
represent an infinite sink. The layers on the right hand side are the sebum and HF. The HF is 
considered to be impermeable. For this chapter, more than 350 simulations were carried out. 
In order to save computational expenses, the model framework shown in Figure 6.1 was 
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selected. Following a series of simulations, it was demonstrated that the additional layers 
only negligibly affect the results (data not shown).  
 
Figure 6.1 Model framework for transdermal permeation including the intercellular lipid 
pathway, transcellular pathway, follicular pathway and sink.   
The chemicals that were selected for this study are presented in Table 6.1. The properties of 
these chemicals were all taken from (Kim et al., 2016).  The chemicals cover a wide chemical 
space, ranging from hyrophilic to hydrophobic properties. In order for the simulations to be 
consistent, the back was selected as a specific body site for simulation in this study. The back 
is considered as a good average of the different thicknesses, hair geometries and hair 
densities observed across various body sites. A separate set of simulations was also 
conducted on the chest, in order to quantitatively illustrate the effect of various geometries on 
model prediction. The vehicle of application was water. The concentration of the chemicals 
was set to match the solubility of the chemicals in water (at 25
o
C), and the area of application 
was 20 cm2. Although the skin temperature is reported to be 27oc – 37oc among different 
body sites (Hagander et al., 2000), solubility of all chemicals was only found at 25
o
c. Since 
the solubility at higher temperatures will be larger, a supersaturated vehicle will also be 
avoided using these values.  
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Table 6.1 Physiochemical properties of the candidate drug molecules    
Solute  MW 𝐋𝐨𝐠𝐊𝐨/𝐰 Solubility in water  
at 25 
O
C (g/l) 
Mannitol 182.20 -3.01 216000.00 
Nitrosodiethanolamine 134.13 -1.28 100.00 
Fluorescein sodium salt 376.30 -0.61 600.00 
Caffeine 194.19 -0.07 21.60 
4-acetamidophenol 151.16 0.51 22.70 
Aminopyrine 231.29 0.98 54.40 
Aldosterone 360.44 1.08 51.00× 10−3 
Nicotine 162.23 1.17 1000.00 
Hydrocortisone 362.46 1.61 0.32 
Deoxyadenosine 251.24 1.94 3.00 
Adenosine 267.24 2.29 5.10 
Lidocaine 234.34 2.44 0.41 
Curcumin  368.38 3.01 3.12× 10−3 
Testosterone 288.42 3.32 23.4× 10−3 
Ibuprofen 206.30 3.97 21.00× 10−3 
 
In the literature,  the impact of the follicular pathway has largely been investigated with either 
the follicular plugging method (Chandrasekaran et al., 2016; Horita et al., 2014; Mohd et al., 
2016; Otberg et al., 2008) or the skin sandwich system (Barry, 2002; Essa et al., 2002; Frum 
et al., 2007). In the present study, the methodology followed to quantify the hair follicle 
impact relates to the follicular plugging method. Two distinct simulations were conducted, 
one in which the follicular route is considered in its normal state, and the second in which it 
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is blocked. In order to estimate the permeability coefficient, the steady state flux must be 
obtained from each simulation. Therefore, an infinite source is required for both setups. The 
permeability coefficient (KP) is subsequently estimated using Equation 2.3. Following this, 
the percentage change of the permeability coefficients is calculated (Equation 6.2), 
representing the HF impact.    
𝐻𝐹 𝑖𝑚𝑝𝑎𝑐𝑡 (%) =  (
|log 𝐾𝑝(𝑜𝑝𝑒𝑛)− log𝐾𝑝(𝑏𝑙𝑜𝑐𝑘𝑒𝑑) |
|log𝐾𝑝(𝑜𝑝𝑒𝑛)|
) × 100                            (6.2) 
To evaluate the impact of MW and lipophilicity separately, a second set of simulations using a 
set of virtual chemicals was conducted. The MW was varied from 20 to 500 Da (intervals of 
20 Da) and the 𝐿𝑜𝑔𝐾𝑜/𝑤 from -3 to 3 (intervals of 0.5). Combinations of all values of the 
factors were then simulated.   
6.3 Results & Discussion 
6.3.1 The impact of the follicular pathway across a wide range of chemicals  
The impact of the hair follicle pathway has been quantified using equation 6.2 for the set of 
chemicals presented in Table 6.1. The results are presented in Table 6.2. 
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Table 6.2 The impact of follicular pathway. Body site: back. 
Solute 𝐋𝐨𝐠𝐊𝐩 (𝐨𝐩𝐞𝐧) 𝐋𝐨𝐠𝐊𝐩 (𝐛𝐥𝐨𝐜𝐤𝐞𝐝) HF impact (%) 
Mannitol -7.71 -7.72 0.09 
Nitrosodiethanolamine -7.25 -7.26 0.17 
Fluorescein sodium salt -7.61 -7.85 3.12 
Caffeine -7.05 -7.17 1.58 
4-acetamidophenol -6.55 -6.70 2.31 
Aminopyrine -6.51 -6.92 6.24 
Aldosterone -6.60 -7.34 11.28 
Nicotine -6.15 -6.44 4.69 
Hydrocortisone -6.16 -7.16 16.40 
Deoxyadenosine -5.76 -6.56 13.97 
Adenosine -5.48 -6.43 17.28 
Lidocaine -5.29 -6.20 17.14 
Curcumin -5.11 -6.61 29.26 
Testosterone -4.71 -6.02 27.84 
Ibuprofen -4.05 -5.06 24.71 
 
As can be seen from Table 6.1 and Table 6.2, both the size and lipophilicity of the chemicals 
affect the impact of the follicular pathway on the chemical’s penetration profile. From these 
observations, the chemicals with higher  𝐾𝑜/𝑤 values, i.e. lipophilic chemicals, demonstrate a 
more preferable penetration through the follicular pathway than that seen for hydrophilic 
chemicals. Figure 6.2 more specifically ilustrates the effect of 𝐿𝑜𝑔𝐾𝑜/𝑤  on HF impact (%).  
Similarly, Figure 6.3 illustrates the effect of MW on HF impact, which appears less 
 143 
 
pronounced to that seen in Figure 6.2, indicating that the 𝐿𝑜𝑔𝐾𝑜/𝑤 is a more impactful factor 
than the MW when qunatifying the follicular impact. Further simulations are required to 
clearly visulise the effect of the MW. 
 
Figure 6.2 HF Impact (%) on overall permeability as a function of chemical’s octanol-water 
partition coefficient for chmicals in Table 3.2 
 
 
Figure 6.3 HF Impact (%) on overall permeability as a function of MW for chmicals in Table 
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A second set of simulations was carried out in order to map the effect of the follicular 
pathway on skin permeablity. 325 simulations were carried out across a wide chemical space, 
within the model’s capabilities. The individual points of each simulation were excluded from 
the graph for clarity. Figure 6.4 below illustrates the hair follicle impact in terms of MW and 
𝐾𝑜/𝑤. The numbers on the plot lines express the percentage of the impact for that chemical 
space.   
 
Figure 6.4 Mapping of the effect of follicular pathway on skin permeability in 𝑳𝒐𝒈𝑲𝒐/𝒘 - 
MW space. 
Figure 6.4 confirms that the follicular pathway has a greater impact for more hydrophobic 
molecules as opposed to hydrophilic molecules. Additionally, it supports the assumptions that 
the larger the molecule, the larger the HF impact (Mitragotri, 2003). As explained in detail in 
this thesis, the follicular pathway is modelled as though it is filled with sebum. Sebum is a 
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lipophilic substance (Webster and Rawlings, 2007), thus making the pathway lipophilic. It is 
expected then, that lipophiclic chemicals will more easily penetrate the sebum route than 
hydrophilic ones. Therefore, the sebum provides a fast route for lipophilic chemicals to the 
systemic circulation or, in this case, the sink. Alternatively, the hydrophobic sebum pathway 
only affects the penetration of hydrophilic chemicals at early times after application, as 
indicated by previous studies (Liu et al., 2011; Otberg et al., 2008) and as previously 
confirmed by the current model (Chapter 4 & Chapter 5). The size effect has a simpler 
explanation: larger molecules find it easier to penetrate through the HF pathway due to the 
larger size of the hair follicle orifices compared to the laterall spacing between the 
corneocytes of the stratum corneum. Additionally, the diffusion coefficient in sebum, 
compared to other comparmtents, is affected to a lesser extent by the increase of a chemical’s 
MW. In Table 6.3, 𝐿𝑜𝑔𝐾𝑜/𝑤  was kept constant at 1 and the MW was varied from 100 to 400 
Da. Table 6.3 demonstrates that for larger chemicals (higher MW) , the diffusion coefficient 
in sebum is larger than in the other compartments. As a result, larger chemicals can penetrate 
through the sebum at a faster rate than through lipids or corneocytes. 
Table 6.3 Diffusion coefficient comparison between different comparmtents as MW 
increases. 
MW (Da) Diffusion coefficient (m
2
/s) of vitrual chemical in : 
Lipids Corneocytes Sebum pathway 
100 5.58 × 10−11 4.9 × 10−15 1.62  × 10−11 
200 6.82 × 10−12 2.11 × 10−15 1.28  × 10−11 
300 1.17 × 10−12 1.27 × 10−15 1.12  × 10−11 
400 3.00 × 10−13 8.75 × 10−16 1.02  × 10−11 
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Although the 𝐾𝑜/𝑤 and the MW can determine, to a large extent, the chemical’s prefered 
penetration pathways, there are additional factors that are important to consider. These 
include ionisation in different skin layers, the vehicle and body site properties. The current 
model considers ionisation in the viable epidermis and dermis, but not in the stratum corenum 
layer. Additionally, the chemicals were only simulated with a water vehicle. Varying the 
vehicle formulation has been shown to have an effect on the penetration profile of chemicals 
(A. Teichmann et al., 2007). Furthermore, the density of hair follicles at different body sites 
also affects the impact of the follicular pathway to the penetration of chemicals.  
6.3.2 The impact of different body sites on follicular penetration   
In Chapter 5 (Table 5.21) the permeability coefficient between two body-sites with different 
geometry and follicular density was compared (abdomen and scalp). The results suggested 
that faster penetration occurred at the body site with higher follicular density (scalp). The 
impact of the site of application to follicular penetration will be further explored in this 
section more comprehensively. This section will compare the results obtained from 
simulations with the back as the body site of application to simulations performed on the 
chest. The geometrical inputs for the two body sites are summarised in Table 6.4. Based on 
these values, the stratum corneum of the chest consists of 16 layers of corneocytes whereas 
the back consists of 15. Moreover, the lateral thickness of the sebum pathway is calculated to 
be 0.046 μm for the chest and 0.097 μm for the back. Section 4.2. provides a detailed 
explanation on how to obtain the follicular geometry.    
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Table 6.4 Geometrical model inputs for investigated body sites (chest and back). 
Body site SC thickness 
(μm)  
Hair radius 
(μm) 
Follicular orifices 
on skin surface (%) 
Hair orifice radius 
(μm) 
Chest 14.80      40  0.19  50  
Back 14.01   40  0.33  52  
 
As can be seen from Table 6.4 there is a higher density of hair follicles on the human back 
than on the chest, hence the wider sebum tube opening. Thus, it is expected that the follicular 
contribution for the penetration of chemicals on the back is higher than the chest. 
Additionally, the chest is slightly thicker than the back, hence the permeability coefficient 
will also be affected. The HF impact for the chemicals in Table 6.1 has been quantified for 
the chest and presented in Table 6.5.  
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Table 6.5 The impact of follicular pathway. Body site: chest 
Solute 𝐋𝐨𝐠𝐊𝐩 (𝐨𝐩𝐞𝐧) 𝐋𝐨𝐠𝐊𝐩 (𝐛𝐥𝐨𝐜𝐤𝐞𝐝) HF impact (%) 
Mannitol -7.74 -7.75 0.11 
Nitrosodiethanolamine -7.28 -7.29 0.09 
Fluorescein sodium salt -7.65 -7.90 3.20 
Caffeine -7.13 -7.19 0.85 
4-acetamidophenol -6.64 -6.73 1.32 
Aminopyrine -6.69 -6.94 3.73 
Aldosterone -6.83 -7.39 8.12 
Nicotine -6.29 -6.46 2.79 
Hydrocortisone -6.43 -7.21 12.12 
Deoxyadenosine -6.01 -6.59 9.59 
Adenosine -5.75 -6.49 13.01 
Lidocaine -5.55 -6.23 12.19 
Curcumin -5.33 -6.66 24.78 
Testosterone -4.92 -6.05 22.95 
Ibuprofen -4.23 -5.09 20.31 
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From comparison of Table 6.2 and Table 6.5, it can be deduced that the permeability 
coefficient for the back is slightly higher than the chest. This can be attributed to the presence 
of an additional layer of corneocytes in the chest configuration, resulting in a lower 
permeability of the chemicals. Furthermore, as expected, the impact of the follicular pathway 
is higher on the back than the chest due to the higher density of hair follicles. Figure 6.5 
illustrates the above.   
 
 
Figure 6.5 The HF impact for chest and back of humans. 
6.4 Summary  
The present chapter investigated the effect of 𝐿𝑜𝑔𝐾𝑜/𝑤  and MW on follicular penetration by 
quantifying their impact on a wide range of chemicals. A second set of simulations was 
carried out using a virtual set of chemicals, as the results of the first simulation were not as  
conclusive for both parameters (𝐿𝑜𝑔𝐾𝑜/𝑤  and MW). The simulations revealed that the HF 
impact is higher for hydrophobic compounds than hydrophilic compounds, and that the 
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follicular route favors larger sized molecules. Additionally, the 𝐿𝑜𝑔𝐾𝑜/𝑤 parameter was 
shown to have a greater impact in the determination of a chemical’s preffered pathway than 
the MW. A second study was carried out to illustrate the effect of the different body sites in 
the penetration of chemicals and on the follicular impact. At sites of the human body where 
the follicular density is higher, the penetration of chemicals, particularly those of lipophilic 
nature, is greatly enhanced.  
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Chapter 7 
7 Conclusion and future work  
7.1 Conclusion 
This thesis introduced a 2D mathematical skin model that considers all three penetration 
pathways (transcellular, intracellular and follicular). The focus and novelty of this work 
resides in the integration of the follicular pathway to a mechanistic skin model. The follicular 
model has been compared to reported literature data and has shown satisfactory agreement 
with 15 of the 18 studies investigated. Subsequently, it can be concluded that the model is 
able to provide an adequate prediction for the chemical space that was examined in this study. 
In more detail, the thesis provided a comprehensive literature review of the relevant work. 
Previous modelling techniques and relevant QSPR models have been explored to establish 
the basis and need for future development, with particular reference to the follicular pathway 
for skin penetration. In Chapter 3, the detailed modelling methodology was presented. The 
decisions regarding the assumptions and limitations made were justified and a detailed 
explanation of the model’s functionality was provided. In Chapter 4, the use of the model was 
demonstrated through a comparison with a transdermal caffeine in vivo study that provided a 
quantified impact of the follicular pathway on the systemic circulation. The model has shown 
good agreement with these experimental results. Further model validation was presented in 
Chapter 5 in comparison to 17 experimental studies. Direct quantitative comparison, although 
ideal, was not possible in all cases; in such cases, the comparison was qualitative with respect 
to the impact of the follicular pathway on skin penetration. The model agreed with the 
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majority of the experimental data. Subsequently, the impact of the follicular pathway on the 
transdermal penetration of a wide range of chemicals, spanning from hydrophilic to 
hydrophobic chemicals, was investigated through model simulation in Chapter 6.  
A detailed discussion of the conclusions drawn from this thesis is provided at the end of each 
chapter. In summary, quantitative elucidation of the follicular pathway, in relation to the 
transcellular and intercellular pathways, for a wide range of chemicals is the main gap in the 
literature. Although there is an ongoing debate regarding the actual route of follicular 
penetration, several studies have postulated that the follicular openings are filled with sebum. 
Consequently, the current model considers sebum to be the route of follicular penetration. 
The model has been made predictive, with no need to fit experimental data. From the 
numerous simulations across a wide chemical space, it was established that the follicular 
pathway has considerable impact on the amount penetrated of hydrophilic chemicals, but 
only at early time points following topical application. Conversely, hair follicles had the most 
significant influence on the penetration of lipophilic chemicals into the skin with the impact 
of the follicular pathway increasing with time. These outcomes are in agreement with the 
majority of the investigated literature thus providing confidence towards the modelling 
decision made for the follicular pathway to be filled with sebum. Additionally, for all 
chemicals, an increase in MW resulted in a larger impact of the follicular pathway on the 
penetration profile. Finally, the influence of the body site of application has been 
demonstrated to be of high importance. Differences in geometry and follicular density 
affected the model prediction substantially.    
7.2 Future work  
A comprehensive understanding has been established over the years regarding the penetration 
of chemicals through the stratum corneum to deeper skin layers and, more recently, through 
the follicular pathway. The current model has been proved to be a valid simplification of the 
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process but there exists room for improvement.  In this section several ideas for extending 
this work are discussed.  
7.2.1 Stratum corneum swelling and shrinking 
The swelling and shrinking of the stratum corneum due to variable hydration levels is ignored 
in this study. The underlying implication is that the porosities of both lipids and corneocytes 
are kept constant. There is compelling evidence in the literature that the stratum corneum 
geometry changes with varying water content (Silva et al., 2007). Skin hydration human data 
are available in the literature (Liron et al., 1994), allowing for the water diffusivity in the 
stratum corneum to be obtained. Additionally, well documented modelling  studies (Li et al., 
2015; Xiao and Imhof, 2012) can be used as guides in the modelling process. The desired 
result would be for this model to be able to predict water distribution, membrane thickness 
and water transport rate for both hydration and dehydration. All the aforementioned 
parameters are expected to have an impact on the penetration of chemicals into the skin.  
7.2.2 Ionisation at stratum corneum 
Penetration of chemicals into the skin has been shown to be pH dependant (Li et al., 2012; 
Singh et al., 2005). Thus, ionisation has an impact on the penetration and absorption of 
applied substances. In the current model, ionisation is only considered in the viable epidermis 
and dermis. Future work should focus on extending existing QSPR models to consider the 
impact of ionisation on the transport properties in the entire skin and vehicle. This will, in 
turn, improve the accuracy of the multi-scale model.  
7.2.3 Detailed modelling of the follicular pathway 
A more detailed approach can be adopted to improve the mechanistic representation of the 
follicular area. The present model does not currently consider the two layers surrounding the 
sebum filled pathway. The first layer is the inner root sheath, a cornified layer (cornification 
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is the final stage of keratinization) enveloping the hair shaft, forming the channel for the 
growing hair. The second layer is the outer root sheath, which is continuous with the 
epidermis and encloses the inner root sheath and hair shaft. There is evidence in the literature 
that chemicals can penetrate to both layers (Grams et al., 2004; Grams and Bouwstra, 2002). 
The physiochemical composition of these layers merits further investigation. After 
establishing an adequate understanding of their structure and composition, the inner and outer 
root sheaths can be integrated into the current model. Moreover, penetration of chemicals into 
the hair itself can be considered. Although this is expected to have a minor effect on the 
overall penetration profile and bioavailability of a chemical, it can be of interest for more site 
specific observations. The diffusion and partition properties of 5 chemicals into human hair 
have been obtained in the past (Wang et al., 2012). Further work is required to investigate 
how representative these properties are for a wider range of chemicals. The model framework 
does not require any structural changes to facilitate the integration of diffusion in hair shaft.    
7.2.4 Extend model to three dimensions  
The current model only considers two dimensions so far. The diffusion equation is solved 
upon a discretised domain of two independent spatial variables; height and width. Thus, the 
diffusion in the direction of depth is not considered. Extending the model to three dimensions 
would result in a more realistic representation of the actual skin penetration process. A 
cylindrical coordinate system can be utilised to represent the skin structure with the hair 
residing in the middle. The diffusion and partition properties of the different components are 
not expected to change. Detailed explanatory documents exist in the literature explaining the 
concept and mathematical approach of diffusion in a cylinder (Crank, 1975; Watson et al., 
2010).   
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7.2.5 Inclusion of Metabolism 
The integration of a system biology metabolic network into the existing permeation model 
merits further investigation. As viable skin possesses enzymatic activity, including that 
involved in the metabolism of xenobiotics, the extent to which cutaneous metabolism may 
influence the percutaneous fate of topically applied chemicals in the skin must be 
investigated. Future work should focus on extending the current model to account for the 
metabolic behaviour of the topically applied chemicals.  
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